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The Allegheny woodrat (Neotoma magister) is a small rodent native to rocky habitats 
surrounded by deciduous forests in the eastern United States. Woodrats have recently 
experienced a severe range-wide decline and are a species of conservation concern 
throughout their range. In Indiana, the persistence of woodrat populations is threatened 
by a loss of genetic diversity, so captive propagation was initiated to ameliorate the 
immediate threat of inbreeding depression and improve local genetic diversity. However, 
achieving the objectives of captive propagation ultimately depends on the ability of 
captive-reared individuals to survive in the wild until they can contribute reproductively 
to the population. Therefore, I monitored survival of hard- and soft-released animals and 
compared their survival to that of wild juvenile individuals. Survivorship of wild-born 
individuals was consistently higher than captive-reared individuals. Patterns of survival 
were best explained by origin (i.e., captive-reared or wild-born) and the interaction 
between origin and time, with disparities in survival for wild and captive animals 
decreasing over time. Soft releases improved initial survival, although the importance of 






 may not be the most effective recovery tool for this declining prey species in Indiana, as 
few individuals likely survived to contribute reproductively to local populations. 
Allegheny woodrats largely depend on cached hard mast for subsistence over 
winter and so are sensitive to mast crop failures common to oaks, which were the species 
most successful at compensating for the loss of American chestnut from their habitat. I 
provisioned woodrat populations with supplemental food as a way to mitigate this 
sensitivity and simulate the probable effect of potential chestnut restoration on woodrat 
populations. I monitored the differential response among populations provisioned 
consistently, populations receiving a “pulsed” supplementation, and populations 
remaining as un-supplemented controls by evaluating population growth rates, apparent 
survival, recruitment, and individual condition. These measures did not differ statistically 
among populations assigned to each supplementation treatment, nor did supplementation 
affect woodrat body mass. Overall, woodrats did not appear to be food limited during the 
study; mast failures did not occur in the years in which supplementation was provided. 
Moreover, woodrats were unable to respond positively to a surplus of food resources.  In 
addition to supplementation, I evaluated Allegheny woodrat patterns of preference for 
chestnuts relative to other hard mast food items to determine whether BC3F2 hybrid 
chestnut seed represents a desirable food source for woodrats in lieu of pure American 
chestnut. Woodrats consistently preferred acorns of the red oak group over chestnuts, and 
BC3F2 chestnut seeds were less preferred than pure American chestnuts, suggesting that 
woodrats might not perceive these seeds as equivalent food resources. 
Wide-scale restoration of a hybrid chestnut tree (BC3F3) is planned, but seed 





may limit recruitment into plant populations. Therefore, the relative preferences of small 
mammals for BC3F3 mast may have important implications for either promoting or 
limiting the expansion of the BC3F3 from reintroduction sites. I evaluated patterns of 
preference by small mammal consumers (i.e., white-footed mice, eastern chipmunks, 
southern flying squirrels, fox squirrels, eastern gray squirrels) for both pure American 
and BC3F2 chestnuts relative to other hard mast and determined the fate of seeds 
following selection. The primarily larder-hoarding rodents (mice, chipmunks, flying 
squirrels) preferred American chestnut seeds over some of the other sources of mast 
(walnut, hickory, chestnut oak), whereas the scatter-hoarding rodents (fox squirrels, gray 
squirrels) preferred certain other sources of mast (walnut, hickory, red oak) to chestnut. 
In general, both groups tended to consume a higher proportion of chestnut than other seed 
types. In some cases, rodents treated BC3F2 chestnuts differently than pure American 
chestnuts, indicating that there are perceived differences between these seeds that 
influence rodent foraging. Gray squirrels and chipmunks strongly avoided BC3F2 seeds 
relative to American chestnut, and fox squirrels left fewer BC3F2 seeds in ground caches 
within 30 m of feeding stations than American chestnut. 
The selection of seeds by seed predators is often frequency dependent, such that 
common or rare mast items are consumed at disproportionately high rates in positive or 
negative frequency-dependent selection, respectively. I tested for frequency-dependent 
selection by fox squirrels when chestnut was presented in combination with red or white 
oak. Fox squirrels showed evidence of positive frequency-dependent selection when 
combinations of white oak and chestnuts were available, removing more common mast 





the observed level of caching was insufficient to allow inferences about how squirrel 
tendencies to consume or cache might change with frequency of seed types. The loss of 
chestnut seeds to predation may be dampened if they are planted sparsely throughout 
white oak stands. However, larger-scale studies of community-level interactions that 
incorporate chestnut seed fate within the context of different seasons and oak masting 
events are needed to determine if this outcome can be expected and its longer-term 






CHAPTER 1. INTRODUCTION 
The Allegheny woodrat (Neotoma magister) is a small rodent native to deciduous forests 
of the eastern United States, where it occupies cliffs, caves, talus slopes, boulder fields, 
and other rocky habitats (Poole 1940). Allegheny woodrats have recently experienced a 
severe range-wide decline and are a species of conservation concern throughout their 
range (Peles and Wright 2008). The persistence of woodrat populations in Indiana is 
threatened by a loss of genetic diversity (Smyser and Rhodes 2008) resulting from rapid 
genetic drift due to the small, geographically isolated structure of local woodrat 
populations. Given the species’ pervasive range-wide decline, the potential to address 
local genetic concerns through the translocation of woodrats from large, genetically 
robust populations has grown increasingly limited. Alternatively, captive propagation of 
woodrats can be used to facilitate the retention of genetic diversity introduced into 
Indiana populations through recent translocation efforts, preserve current levels of 
genetic diversity retained within core populations, and simulate natural levels of gene 
flow among isolated populations. Accordingly, a captive breeding program for Allegheny 
woodrats was developed (Smyser and Swihart 2014) to ameliorate the immediate threats 
of inbreeding depression, restore local genetic diversity to levels observed among large 
populations in the core of the species range (Castleberry et al. 2002), and provide for the 





 intervention as possible. Achieving the objectives of captive breeding ultimately depends 
on the ability of captive-reared individuals to survive in the wild until they can contribute 
reproductively to the population. Therefore, post-release monitoring of released animals 
to obtain survival estimates, compared to those of wild individuals, is critical to 
evaluating the success of the program. In Chapter 2, Post-release survival of captive-
reared Allegheny woodrats, I evaluate whether captive propagation could serve as an 
effective conservation tool for Allegheny woodrats by comparing post-release survival of 
captive-reared individuals to wild-born woodrat survival. In addition, I evaluate hard 
versus soft release strategies to develop recommendations for this and other small-bodied 
prey species of conservation concern. 
The reduction in mast resources associated with the extirpation of the American 
chestnut (Castanea dentata) is one of the factors that has been implicated in the range-
wide decline of Allegheny woodrats (Wright and Kirkland 2000, LoGiudice 2006).The 
American chestnut was once the foundation species of much of the eastern deciduous 
forest, defining the architecture and ecological function of these systems (Ellison et al. 
2005). The species was numerically dominant as the most abundant overstory tree 
throughout many climax hardwood forests (Keever 1953), and was unique from other 
mast producers in both the quantity and quality of its annual seed crop. Specifically, 
American chestnuts consistently produced large crops of chestnuts (Gilland et al. 2012) 
that were highly palatable to granivores due to their reduced tannin levels (Sundaram and 
Swihart, unpubl. data). However, over the course of 40 years, the fungal pathogen 
chestnut blight (Cryphonectria parasitica) spread rapidly throughout the chestnut’s range, 





and recurrent sprouts that continually die back before reaching reproductive maturity 
(Paillet 2002). The species is now considered to be functionally extirpated. 
Due to American chestnut’s ecological and cultural importance, The American 
Chestnut Foundation (TACF) began an intensive research and breeding program to 
develop a blight-resistant American chestnut with the intent of restoring a tree with as 
much American chestnut character as possible to its former range. Specifically, TACF 
crossed American chestnut and naturally blight-resistant Chinese chestnuts (C. 
mollissima) to produce an American-Chinese hybrid chestnut. By backcrossing the 
hybrid chestnut with pure American chestnut, TACF produced backcross 3 (BC3) 
cultivars that are 94% (15/16) pure American chestnut and yet are blight-resistant. After 
subsequent intercrosses (BC3 × BC3), these cultivars (BC3F3) are now in the final stages 
of plantation evaluation with limited reintroductions underway in national forests in Ohio 
and Tennessee, in hope that wide-scale restoration plantings will follow (Clark et al. 
2011, Jacobs et al. 2013).  
Changes in forest composition and the concomitant availability of mast resources 
have strong impacts on the wildlife diversity supported within an ecosystem. Oaks 
(Quercus spp.) were most successful at compensating for the loss of chestnut, but oaks 
and chestnuts are not necessarily equivalent from an ecological perspective. Unlike the 
consistent production of mast by American chestnut, oaks are more prone to “pulsing” of 
resources, with occasional bumper years interspersed among years of average to low 
acorn production (Dalgleish and Swihart 2012). Still, many wildlife species have become 
increasingly reliant on energy-rich acorns for survival through the dormant season 





food items through the growing season, but they largely depend on cached hard mast for 
subsistence over winter (Castleberry and Castleberry 2008). Therefore, woodrat 
populations are sensitive to mast crop failures common in oak-dominated ecosystems. 
Provisioning with supplemental food at woodrat den sites may be one way to mitigate 
this sensitivity, especially during years of mast failure or low mast production. If woodrat 
populations show a positive response to mast supplementation, the restoration of the 
American chestnut to its former range may eventually contribute to the recovery of the 
species. In Chapter 3, Hard mast preference and response to food supplementation by 
Allegheny woodrats, I evaluate the probable effect of the restoration of a consistent and 
prodigious mast producer on woodrats by simulating levels of mast that may be available 
with restoration at woodrat population centers in southern Indiana. I monitor the 
differential response among sites provisioned consistently, sites receiving a “pulsed” 
supplementation, and sites remaining as un-supplemented controls by evaluating growth 
rates, apparent survival, recruitment, and individual condition. In addition, I evaluate 
Allegheny woodrat patterns of preference for chestnuts relative to other hard mast food 
items commonly available within their range and determine whether BC3Fx hybrid seed 
represents a desirable food source for woodrats in lieu of pure American chestnut.  
The restoration of the American chestnut has the potential to benefit a much wider 
array of wildlife species than Allegheny woodrats. It is anticipated to increase carrying 
capacity and decrease fluctuations in seed consumer populations (Dalgleish and Swihart 
2012). However, although the BC3F3 chestnuts slated for restoration are genetically 94% 
American chestnut, numerous questions remain with regard to the ecological properties 





represents an ecological surrogate for the extirpated American chestnut as a desirable 
food source for vertebrate granivores. BC3F3 chestnuts are morphologically similar to 
American chestnuts (Diskin 2006), but may function very differently in their environment 
(e.g., Crystal 2013), including interactions with seed consumers. Seed predation by small 
mammals can have profound impacts on tree species composition and may limit 
recruitment into plant populations (Janzen 1971). Therefore, in addition to shifts in 
species composition and competition intensity within the small mammal community, the 
relative preferences of these species for BC3F3 mast may have important implications for 
either promoting or limiting the expansion of the BC3F3 from reintroduction sites. In 
Chapter 4, Selection, caching, and consumption of hardwood seeds by forest rodents, I 
evaluate patterns of preference by small mammal consumers for chestnuts relative to 
other hard mast food items commonly available within the historic range of the American 
chestnut. I determine the fate of chestnut seeds following selection, and assess 
implications of seed predation or dispersal by small mammals for chestnut recruitment. In 
addition, I explore whether rodents treat BC3F2 hybrid seeds similarly to pure American 
chestnut seeds. 
The selection of seeds by seed predators is often frequency dependent (e.g., Allen 
1968, Xiao et al. 2010), such that common or rare mast items are consumed at 
disproportionately high rates in positive or negative frequency-dependent selection, 
respectively (Greenwood 1985). Selection for common mast items by consumers 
(positive frequency-dependent selection) would reduce the loss of chestnuts due to seed 
predation and promote the expansion of rare BC3F3 chestnuts following initial 





frequency-dependent selection) following initial introduction would hinder restoration by 
slowing the rate of chestnut expansion and establishment from introduction sites. In 
Chapter 5, Patterns of frequency-dependent seed selection by fox squirrels, I assess 
whether fox squirrel (Sciurus niger) preferences for chestnut under conditions of equal 
availability hold under varying frequencies by testing for frequency-dependent selection 
when chestnut is present. Also, I provide examples of the context under which squirrels 
may facilitate or hinder reintroduction of chestnut into natural forest stands. 
Taken together, these four chapters describe a suite of ecological interactions that 
affect American chestnut restoration and Allegheny woodrat conservation in Indiana. 
Interactions between forest rodents (both common and imperiled) and hard mast have 
important implications for the outlook of chestnut reintroduction, and the observed 
interactions between naïve captive-reared woodrats and their native environment can 






CHAPTER 2.  POST-RELEASE SURVIVAL OF CAPTIVE-REARED ALLEGHENY 
WOODRATS 
2.1 Abstract 
Captive breeding for the supplementation of wild animal populations is an important tool 
in the recovery of imperiled species. The success of such efforts depends on post-release 
survival, but low survival and substantial program expenses require methodologies that 
maximize effectiveness. I evaluated post-release survival of captive-reared Allegheny 
woodrats (Neotoma magister) introduced into a declining metapopulation in southern 
Indiana. I hard-released 16 captive-reared woodrats in 2011 and soft-released 14 
woodrats in 2012, while monitoring parallel samples of 16 and 17 wild-born individuals 
in each year, respectively. I obtained Kaplan-Meier estimates of survivorship for both 
groups, and used Cox proportional hazards regression to estimate the association between 
survival and animal origin (wild or captive), release strategy, sex, body condition, and 
age at release. I quantified movement patterns of monitored individuals and related the 
results of survival models to behavioral tendencies. Survivorship of wild-born individuals 
was consistently higher than captive-reared individuals. Patterns of survival were best 
explained by origin and the interaction between origin and time, with disparities in 
survival for wild and captive animals decreasing over time. Higher mortality among 
captive-reared individuals may have been due to demonstration of significantly more 





for intra-specific conflict. Soft releases improved initial survival, and the tendency of 
soft-released individuals to choose higher-quality den sites provided some evidence that 
this strategy eased the transition to a wild environment, although the importance of the 
effect of release strategy also decreased over time. I recommend that future programs use 
soft-release techniques and explore other pre-release preparatory strategies such as anti-
predator conditioning to increase survival. 
2.2 Introduction 
Captive breeding programs are important to wildlife conservation as they may facilitate 
preservation of endangered species (Ebenhard, 1995) or enhance genetic diversity in 
impoverished populations (Haig, Ballou & Derrickson, 1990; Hughes, 1991). 
Conservation breeding may prevent small populations from extirpation and ameliorate or 
reverse inbreeding depression in wild animal populations (Ebenhard, 1995). However, 
captive breeding for wildlife reintroductions is an expensive enterprise (Kleiman, 1989) 
with typically low rates of success in the establishment of self-sustaining wild 
populations (Snyder et al., 1996; Wolf et al., 1996; Fischer & Lindenmayer, 2000). 
Achieving conservation objectives of recovering imperiled populations ultimately 
depends on the ability of captive-reared individuals to survive in the wild until they can 
contribute reproductively to the population. Therefore, post-release monitoring of 
released animals to obtain survival estimates, compared to those of wild individuals, is 
critical to identifying methodological improvements (e.g., release techniques) to captive 
breeding programs (Scott & Carpenter, 1987; Mathews et al., 2005). 
The Allegheny woodrat (Neotoma magister) is a small rodent native to deciduous 





fields, and other rocky habitats (Poole, 1940). The species has experienced severe 
declines and local extirpations, and it is imperiled throughout its range (Wright, 2008). 
Causal factors that contribute synergistically to observed declines include habitat 
fragmentation, loss of hard mast food resources, and increased exposure to the lethal 
parasite raccoon roundworm (Baylisascaris procyonis; LoGuidice, 2006; Smyser et al., 
2012). Declining range-wide trends have been reflected among populations in Indiana 
where abundance declined by more than 50% between 1991 and 2005 (Hudson et al., 
2006). Declining abundance has been coupled with population extirpations, leaving 
remnant populations spatially isolated and susceptible to the unmitigated effects of 
genetic drift (Smyser et al., 2012). Previous translocation of woodrats from robust 
populations in the core of the species’ range to isolated populations in Indiana 
successfully increased allelic richness and heterozygosity (Smyser et al., 2013). However, 
translocations are not a long-term solution to manage genetic diversity in Indiana, given 
continued declines in other portions of the species’ range. As an alternative, I established 
a captive breeding program to optimize mate pairings and offspring distribution with the 
aim of maintaining and boosting levels of genetic diversity within the Indiana 
metapopulation. 
Individuals raised under controlled laboratory conditions face many challenges 
upon release into natural environments, and their survival is likely to be lower than wild-
born individuals (Mathews et al., 2005). However, soft release strategies (see Davis, 
1983; Bright & Morris, 1994) may improve short-term survival by providing animals 
otherwise unfamiliar with a landscape a transitional period to become familiar with 






adjustment period following release is unavoidable, during which mortality may be high 
as naïve animals learn adaptive behaviors (Bar-David et al., 2005; Maran et al., 2009). If 
a soft release provides a survival benefit by delaying mortality until individuals become 
reproductively active, implementing such release strategies may positively affect 
population demographics. The goal of this study was to evaluate whether captive 
propagation could serve as an effective conservation tool for Allegheny woodrats. My 
specific objectives were to evaluate survival patterns of captive-reared individuals 
relative to wild-born juvenile woodrats and also to evaluate hard versus soft release 
strategies for this species. 
2.3 Methods 
Allegheny woodrat populations in Indiana were limited to the south-central karst region 
of the state, patchily distributed along a 76-km linear stretch of bluffs bordering the Ohio 
River (Cudmore, 1985; Johnson, 2002). These bluffs are characterized by discontinuous 
limestone and sandstone cliff habitats with upland deciduous forest above cliff lines and 
forested flood plain below.  
We maintained a captive population of Allegheny woodrats at the Purdue Wildlife 
Area Animal Care Facility (PWAACF), West Lafayette, IN from 2009 to 2012. 
Husbandry practices, enrichment regimes, and breeding protocols were described by 
Smyser & Swihart (in press). I released woodrats between April and August in 2011 and 
2012 among six spatially disjunct subpopulations (Fig. 1, Table 2.1). Individuals born 
over the winter were held in captivity until the following spring, whereas those born in 






August 1 to allow woodrats sufficient time to secure a den site and establish a cache 
before winter. 
Before release, I anesthetized woodrats with isoflurane gas, marked each ear with 
a numbered Monel size #1 tag (National Band & Tag Company, Newport, KY), and 
fitted each with a 9.7-g radio transmitter (model M1525, Advanced Telemetry Systems, 
Isanti, MN) equipped with a motion-sensitive mortality sensor. Transmitters were 
attached with cable ties fed through plastic tubing, and the external whip antenna was 
bent so that it laid flush against the animal’s dorsal surface. Total weight of transmitter 
and attachment materials was a maximum of 5.1% of the weight of radio-marked 
woodrats. I collected a 2-mm tissue sample from each ear and recorded body length, total 
length, and hind foot length. I held radio-marked woodrats ≥1 week before release to 
allow them to acclimate to the presence of the collar.  
In 2011, I implemented a hard release strategy that had been successfully 
employed previously with wild translocations (Smyser et al., 2013). Prior to release, I 
conducted two nights of live-trapping at candidate release sites to confirm that potential 
dens in the immediate vicinity (ca. 40 m; Peles & Wright, 2008) were unoccupied, and 
woodrats would not be introduced into or near a resident’s den. I transported woodrats in 
their nest boxes from PWAACF to study sites for release at vacant locations. Upon 
release, I inserted nest boxes into the rocky structure of recipient dens and surrounded 
them with large rocks to provide protection from predators. I provisioned woodrats with 
0.5 kg of rodent block (5663, Mazuri, St. Louis, MO) and crinkle paper (Uline, Pleasant 
Prairie, WI) for nesting material. Openings on the nest box were uncovered, allowing 






In 2012, I adopted soft-release techniques in which I constructed wire mesh (1.3 
cm, 16 gauge) enclosures (1.2 m × 2.1 m × 0.6 m) directly in woodrat habitat. Sites were 
selected based on their ability to accommodate an enclosure and their proximity to 
suitable denning habitat (≤20 m from an unoccupied den). I secured a 1.2-m section of 
corrugated plastic culvert (0.46 m diameter) within each enclosure in which I placed a 
clean nest box containing nesting material. I surrounded the culvert with rocks, small 
limbs, and vegetation to create a complex and natural environment within the enclosure. I 
monitored each enclosure with a motion-activated camera (model PC900, Reconyx, Inc., 
Holmen, WI) and, if needed, moved individuals to a new location if images revealed 
frequent visitation by predators or conspecifics that could compromise survival or 
settlement after release. I retained woodrats in their enclosures for two weeks. During this 
time, I daily provided water and food rations similar to those provided in captivity, 
although I doubled the rodent block ration to allow them to establish a cache. Upon 
release, I uncovered previously cut holes (6.4 cm × 6.4 cm) on each side of the enclosures 
to allow woodrats to move freely throughout the landscape but return to an artificial den 
capable of excluding most predators. All enclosures were removed after the 2012 
monitoring period. 
We monitored woodrats using a hand-held telemetry receiver (R-1000, 
Communication Specialists, Inc., Orange, CA) and a three-element Yagi antenna 
(Advanced Telemetry Systems, Isanti, MN). I ground-tracked woodrats, often to their den 
sites, and recorded locations with a handheld GPS unit (GPSMAP 60CSx, Garmin, 
Olathe, KS), general site descriptions, and any evidence of occupancy (e.g., fresh caches, 






(adjustment period) and reduced monitoring to three locations weekly for four additional 
weeks (settlement period). I continued to locate woodrats at least once each week through 
the end of the monitoring period, at which time I live-trapped all survivors to remove 
collars. When mortalities occurred, I collected any remains (e.g., carcass, fur, transmitter) 
to ascertain causes of mortality. If no remains could be recovered, and it was possible the 
woodrat had dropped its collar, I set traps at its last known location and in the immediate 
vicinity of the collar for two nights; if the individual was not recaptured, it was presumed 
dead. For survival analysis, I assumed a woodrat died the night after the last record of it 
being alive. 
Between June and August of both 2011 and 2012, I captured and radio-marked a 
parallel sample of wild-born young-of-the-year woodrats, with age determined by size 
and pelage color (Mengak et al., 2008). I selected individuals ≥200 g, which I deemed the 
minimum weight to carry and retain a radio-collar. I transported woodrats to a local 
veterinary hospital where they were anesthetized and processed in the same manner as 
captive-reared individuals. Upon recovery (ca. 2 hr), I transported individuals back to 
their capture locations for release. I monitored wild-born woodrats three times weekly for 
six weeks and then at least once each week through the conclusion of the monitoring 
periods. 
I obtained non-parametric Kaplan-Meier (KM) survival estimates (Kaplan & 
Meier, 1958) by origin (captive-reared versus wild-born) in both years to determine how 
survival varied over time. I did not incorporate a modification for staggered entry 
(Pollock et al., 1989) because my focus was post-release rather than seasonal survival (cf. 






(Savage, 1956; Williams, Nichols & Conroy, 2002) to determine whether survival curves 
differed between origins and to assess whether there was an effect of release strategy. 
Because the potential effects of release strategy and year were confounded for captive-
reared individuals, I first tested for a year effect in survival of wild-born individuals and 
then used the wild-born group as a benchmark when assessing the effect of release 
strategy on captive-reared individuals. 
I used Cox proportional hazards (CPH) regression models to estimate the 
association between survival and independent covariates (Cox & Oakes, 1984). I built 
two models: one for all woodrats and another exclusively for captive-reared woodrats. 
The model for all woodrats included origin, year, sex, body condition, and the interaction 
of origin and time to mortality. I calculated body condition for each individual at the time 
it was radio-marked using a scaled mass index of body mass and total length (Peig & 
Green, 2009). I included the interaction of origin and time to reflect the costs of 
inexperience to predator-naïve captive-reared woodrats that would be expected to 
dissipate over time; this approach simultaneously addressed any violation of the 
assumption of proportional hazards (Fox, 2002). I used backward stepwise model 
selection and Akaike Information Criterion (AIC; Yamashita, Yamashita, & Kamimura, 
2007) to identify the best model. The initial model for captive-reared woodrats included 
release strategy, sex, body condition, age at release, and the interaction between release 
strategy and time to mortality. The interaction was included to determine whether the 
effect of release strategy changed over time. Again, I used backward stepwise selection 






To test if movement patterns differed between captive-reared and wild-born 
woodrats, I developed two ‘exploration’ metrics: (1) the number of unique den sites 
occupied by a woodrat and (2) the sum of the linear distances travelled between 
successive den sites, each corrected by dividing by the individual’s monitoring time, in 
days. These values (square-root transformed) served as the set of observations used to 
calculate a Hotelling’s T2 test statistic. Origin was then randomized and the test statistic 
recalculated 1,000 times to form a null distribution. I compared the observed test statistic 
to the null distribution to test whether captive and wild-born woodrats differed in these 
exploration attributes. Differences in movement patterns between captive-reared 
individuals subjected to different release strategies were also tested in this manner. I used 
R 2.11.0 (R Development Core Team, 2010) for all analyses with packages survival, 
hotelling, and lmodel2, with significance level α = 0.05. 
2.4 Results 
Sixteen captive-reared woodrats (11 males, five females) were hard-released in 2011, and 
14 individuals (seven males, seven females) were soft-released in 2012. I monitored 16 
(11 males, five females) and 17 wild-born woodrats (10 males, seven females) in 2011 
and 2012, respectively (Table 2.1). I removed two woodrats from 2012 survival analyses: 
a captive-reared female found dead one day post-release in a trap during population 
monitoring and a wild-born male that was likely lost to predation immediately after 
radio-marking. A captive-reared female released in 2011 was censored at 20 days, after 
which time she either emigrated off the study area or her radio transmitter failed. Another 







In 2011, seven of 16 captive-reared individuals (43.8%) survived the two-week 
adjustment period, six of the remaining seven survived the following four-week 
settlement period, and three of the remaining six (18.8% of the original 16) were known 
to be alive at the end of the 21-week monitoring period. In 2012, with the implementation 
of soft-release strategies, nine out of 13 individuals (69.2%) survived the adjustment 
period, six of the remaining nine survived the settlement period, and four of the 
remaining six (30.8% of the original 13) ultimately survived the 17-week monitoring 
period. Among 32 wild-born individuals monitored, 26 survived six weeks, and 18 (56.3% 
of the original 32) survived their respective monitoring periods (Fig. 2). 
Seven of 13 mortalities (53.8%) of captive-reared individuals in 2011 were 
attributed to predation. Two mortalities (15.4%) resulted from fatal wounds, possibly 
from antagonistic interactions with other woodrats, and one mortality (7.7%) from 
exposure to severe weather. The causes of the remaining three mortalities (23.1%) were 
unknown. All eight mortalities (100%) that occurred among captive-reared individuals 
soft-released in 2012 (excluding trapping fatalities) were attributed to predation. Of the 
15 mortalities that occurred among wild-born individuals across both years, nine (60.0%) 
were predation events, and the remaining six (40.0%) were unknown. 
Survivorship of captive-reared individuals in 2011 decreased rapidly immediately 
following release and then began to stabilize and decline more slowly approximately 15 
days post-release (Fig. 3d). In 2012, survivorship improved immediately following soft 
releases; in contrast to an immediate steep decline, survivorship decreased steadily over 






consistently higher than those of captive-reared individuals (Fig. 3d and 3e) and also 
declined at a relatively steady rate. 
Survival of wild-born woodrats did not differ between years (χ2 = 2.3, P = 0.129; 
Fig. 3a) or sexes (χ2 = 0.4, P = 0.538; Fig. 3b). Additionally, survivorship of captive-
reared individuals did not differ between sexes (χ2 = 1.8, P = 0.184; Fig. 3c). Thus, I 
pooled across years and sexes for wild individuals and across sexes for captive-reared 
individuals to test for differences between release strategies by comparing the survival 
curves of hard-released and soft-released woodrats to all wild-born individuals. Survival 
curves of hard-released woodrats and all wild-born individuals differed (χ2 = 5.3, P = 
0.021; Fig. 3d), but those of soft-released woodrats and all wild-born individuals did not 
(χ2 = 1.3, P = 0.263; Fig. 3e). 
The final proportional hazards model for all woodrats included origin and the 
interaction between origin and time (Table 2.2). There was a strong negative effect of 
belonging to the captive-reared group on survival, but the magnitude of the effect 
decreased over time (Table 2.3). Coefficients for both origin and the interaction between 
origin and time were highly significant (P < 0.001). Covariates for sex, year, and body 
condition were not retained in the final model. 
The final model for captive-reared individuals included release strategy, sex, age 
at release, and the interaction between release strategy and time (Table 2.2); only body 
condition was removed from the initial model. Coefficients for release strategy and the 
interaction between release strategy and time were significant (P < 0.001 and 0.01, 
respectively). Hard releases had a strong negative effect on survival, but the magnitude of 






individuals held over winter in captivity experienced lower survival than those born in 
spring, but these effects were not significant (Table 2.3). Age at release was significantly 
correlated with date of release (ρ = -0.58, t = -3.74, P < 0.01). Including this variable 
allowed me to examine the effects of increased time spent in captivity but should be 
interpreted cautiously because it could also indicate seasonal effects. 
We obtained usable movement data for a subset of radio-marked woodrats. 
Hotelling’s T2 permutation tests revealed that captive-reared (n = 24) and wild-born (n = 
31) individuals were distinguished by ‘exploration’ metrics (observed T2 = 18.7, P < 
0.001). Captive-reared woodrats frequently travelled long distances to new den sites, 
movements atypical among wild residents (Fig. 4). Movements of woodrats subjected to 
hard and soft release did not differ in their tendency to exhibit exploratory behavior 
(observed T
2
 = 2.3, P = 0.37), although soft-released individuals more frequently chose 
den sites with many of the same protective characteristics (e.g., deep, narrow rock crevice, 
surrounding vegetative cover) as those occupied by wild woodrats.  
2.5 Discussion 
Given that post-release survival of captive-reared Allegheny woodrats was significantly 
lower than survival of their wild-born counterparts, captive propagation may not be an 
appropriate tool to address management challenges associated with this declining prey 
species. Only a small number of individuals may have survived to contribute 
reproductively to local populations, an important milestone in achieving the objectives of 
the program. While I focus here on post-release survival, an ongoing assessment of the 
genetic response of recipient populations will allow me to identify the reproductive 






Individuals reared in the controlled and predator-free conditions of captivity faced 
many challenges in adapting to new environments following release. The inexperience of 
captive-reared woodrats negatively affected their survival, as evidenced by aberrant 
movement patterns compared to wild-born woodrats. Alternatively, because wild-born 
young-of-the-year woodrats were selected for monitoring based on physical 
characteristics (i.e., larger-bodied), my radio-marked cohort may have already passed 
through some selective filter during maturation, such as exposure to predation. I surmise 
that released animals showing extensive exploratory behavior were vulnerable to 
predation in exposed rocky habitat more often than otherwise expected, resulting in 
higher mortality. Conversely, Banks et al. (2002) found that captive-reared sibling voles 
(Microtus rossiaemeridionalis) experienced higher predation by remaining more 
stationary at release sites, due to the accumulation of scents attracting predators. Thus, 
the adaptiveness of movement responses of small mammals following release into 
unfamiliar environments may be species- or context-dependent. Further studies are 
needed to evaluate the survival of captive-reared woodrats relative to translocated wild-
born woodrats to disentangle the consequences of captive rearing from the challenges of 
translocation to a novel landscape. 
Mortality of captive-reared woodrats was high immediately following release but 
stabilized over time. This pattern reveals the steep learning curve associated with 
transitioning from a predator-free captive environment to native habitats. The two-week 
adjustment period is dangerous and difficult for captive-reared woodrats, but those that 
survive appear to possess attributes necessary for longer-term survival during the 






of acclimation during the adjustment period and resulted in improved short-term survival, 
benefits also noted elsewhere (Biggins et al., 1998; Hamilton et al., 2010; Mitchell et al., 
2011). Although the negative interaction between release strategy and time provided 
evidence that long-term survival did not significantly improve with soft release, it 
nonetheless had a positive effect on short-term survival. I observed several qualitative 
differences in behavior between individuals undergoing both release strategies, with soft-
released individuals demonstrating patterns of den site selection more comparable to 
wild-born conspecifics, although they still demonstrated exploratory movement 
characteristic of hard-released individuals. Furthermore, known mortalities of soft-
released animals were all attributed to predation, whereas several hard-released animals 
evidently suffered mortality due to conflicts with wild residents or an inability to secure 
adequate shelter in adverse environmental conditions. It appears that soft releases 
benefitted surviving individuals in making them more likely to integrate as members of 
the wild population, as many of their behaviors indicated they functioned as wild 
woodrats. 
We observed survival patterns and challenges to survival that are consistent with 
those documented in other captive breeding studies (e.g., Vancouver Island marmots 
[Marmota vancouverensis; Aaltonen et al., 2009], European mink [Mustela lutreola; 
Maran et al., 2009], and riparian brush rabbits [Sylvilagus bachmani riparius; Hamilton 
et al., 2010]). My study can inform captive breeding programs for other declining 
woodrat species (e.g., Key Largo woodrat, Neotoma floridana smalli; McCleery et al., 
2013) and small mammals of conservation concern (e.g., Eurasian red squirrel, Sciurus 






Fenderson et al., 2011). I recommend a soft-release strategy to alleviate disorientation 
and stress upon release and to promote integration into wild populations. However, I 
observed that low survival of released animals was due in large part to predation; 
therefore, I suggest future research to evaluate pre-release anti-predator conditioning 
(Griffin et al., 2000). Several studies (e.g., Shier & Owings, 2006; Biggins et al., 2009; 
van Heezik, Seddon & Maloney, 2009) have documented the positive effects of anti-
predator training. Such conditioning, when coupled with soft release techniques, may 
improve survival for released animals.  
Our work illustrates that post-release survival of captive-reared small-bodied prey 
species relative to wild conspecifics is low and may be insufficient to achieve captive 
breeding program objectives. Because adequate survival is critical for the utility of 
captive propagation, I highlight methodological improvements to release techniques that 
may benefit programs with similar aims. Even when such strategies are implemented, 
captive breeding should be coupled with additional conservation efforts such as habitat 








Table 2.1 Number of Allegheny woodrats released or monitored at six sites in southern 
Indiana, 2011-12. 
 2011 2012 
 Hard-released Wild-born Soft-released Wild-born 
Site
a 
Male Female Male Female Male Female Male Female 
SH2 3 1 1 1 1 1 2
e
 0 
CF 2 1 5 0 4 3
c
 3 0 
SHCSF 3 2 3 1 1 3
d
 4 3 
TL 2 0 1 0 1 0 0 0 
RHR 1 0 1 3 0 0 0 0 
BPB 0 1
b 
0 0 0 0 1 4 
Total 11 5 11 5 7 7 10 7 
a 
SH2 = Shelterhouse 2, CF = Cold Friday, SHCSF = South Harrison-Crawford State Forest, TL = Tobacco 
Landing, RHR = Rabbit Hash Ridge, BPB = Bull’s Point Bluff 
b 
Individual was censored: emigration off study area or radio failure 20 days post-release 
c 
One individual in this group was censored: mortality following trap-related incident 46 days post-release 
d 
One individual in this group was removed from the study sample: mortality one day post-release in a trap 
e 
One individual in this group was removed from the study sample: mortality immediately after radio-







Table 2.2 Sets of nested Cox proportional hazards models used to examine factors 
influencing post-release survival of Allegheny woodrats. Models for all woodrats 
included effects of animal origin, year, sex, body condition, and time. Models for captive-
reared woodrats included effects of release strategy, sex, body condition, age at release, 







    
 Initial origin + year + sex + body + origin × time 172.234 182.234 
 1 origin + year + body + origin × time 172.249 180.249 
 2 origin + year + origin × time 172.809 178.809 




    
 Initial release + sex + body + age + release × time 82.991 92.991 








Table 2.3 Coefficient estimates and standard errors for covariates included in final CPH 
models for all woodrats and for captive-reared woodrats. 
Model Covariate Coeff. SE p 
All woodrats 
    
 Origin 5.695 1.040 <0.001 
 Origin × time -0.105 0.026 <0.001 
Captive-reared 
woodrats     
 Release 2.569 0.762 <0.001 
 Sex 1.020 0.625 0.103 
 Age 0.005 0.003 0.112 









Figure 2.1 Spatial arrangement of Allegheny woodrat release sites in southern Indiana. 
Woodrats were released into six spatially disjunct subpopulations: Bull’s Point Bluff 
(BPB), Shelterhouse 2 (SH2), Cold Friday Bluff (CF), South Harrison-Crawford State 








Figure 2.2 Proportions of hard-released, soft-released, and wild-born Allegheny woodrats 
that died during the first two weeks post-release (adjustment period), the four weeks 
following the adjustment period (settlement period), after the settlement period, and that 








Figure 2.3 Kaplan-Meier survival curves and results of log-rank tests comparing (a) wild-
born woodrats monitored in 2011 and 2012, (b) wild-born males and females in both 
years, (c) captive-reared males and females in both years, (d) wild-born woodrats in both 
years and captive-reared woodrats hard-released in 2011, and (e) wild-born woodrats in 








Figure 2.4 Scatterplot of square-root transformed ‘exploration’ metrics of hard-released 
woodrats (open circles), soft-released woodrats (open circles plus), and wild-born 







CHAPTER 3.  HARD MAST PREFERENCE AND RESPONSE TO FOOD 
SUPPLEMENTATION BY ALLEGHENY WOODRATS 
3.1 Abstract 
The reduction in mast resources associated with the extirpation of the American chestnut 
has been implicated in the range-wide decline of the imperiled Allegheny woodrat, as 
woodrat populations are sensitive to mast crop failures common in systems now 
dominated by oaks. Therefore, a recent effort to restore a blight-resistant hybrid chestnut 
may eventually serve as a management tool to promote woodrat recovery. I conducted 
two studies to explore the response of woodrat populations to changes in hard mast 
availability expected with the restoration of American chestnut. First, I determined 
preference for chestnuts relative to other hard mast food items. A discrete choice model 
revealed that woodrats consistently preferred acorns of the section Lobatae over chestnuts 
and other seed types (e.g., hickories, walnuts). Hybrid chestnut seeds were less preferred 
than pure American chestnuts, suggesting that woodrats do not perceive these seeds as 
equivalent food resources. Second, I experimentally evaluated population- and 
individual-level responses of woodrats to mast supplementation by placing a surplus of 
mast within occupied den sites prior to the onset of winter. Annual population growth 
rates, apparent survival, and recruitment did not differ statistically among populations 
supplemented over 2 consecutive years, populations receiving 1 year of supplementation, 






changes in woodrats, although there was weak evidence for a positive effect of 
supplementation on male body mass. My results indicate that increases in mast 
availability expected with the restoration of American chestnut are unlikely to result in 
the rapid growth and recovery of Allegheny woodrats. However, further studies during 
periods of failed acorn crops are needed, as supplementation during a time of abundant 
natural food may have lessened its importance. Maintaining abundance and diversity of 
oaks to reduce the risk of complete mast failure is of more immediate importance to 
woodrat recovery while awaiting chestnut restoration. 
3.2 Introduction 
Forest composition and the concomitant availability of mast resources have strong 
impacts on wildlife populations. Following functional extirpation of the dominant 
American chestnut (Castanea dentata) due to an introduced fungal pathogen, oaks 
(Quercus) were most successful at filling the vacated niche (Keever 1953, Woods and 
Shanks 1959). The probable reduction in mast resources associated with the extirpation 
of the American chestnut, the subsequent shift to oak-dominated forests, and a more 
recent downward trend in oak abundance (Abrams 2003) have been implicated in the 
range-wide decline of the Allegheny woodrat (Neotoma magister; Wright and Kirkland 
2000, LoGiudice 2006). Several other causal factors are hypothesized to have contributed 
synergistically to observed declines (LoGiudice 2006, Smyser et al. 2012b), including 
habitat fragmentation (Balcom and Yahner 1996), exposure to raccoon roundworm 
(Baylisascaris procyonis; LoGiudice 2003), and loss of genetic diversity (Smyser et al. 
2012a), but the possible role of the chestnut’s extirpation has not been explored from an 






that the historic ranges of the Allegheny woodrat and the American chestnut entirely 
coincided and that woodrat declines have been most severe where chestnut blight 
originated at the northeastern periphery of their ranges (Wright and Kirkland 2000). 
Allegheny woodrats consume a broad array of food items during the growing 
season, yet largely depend on cached hard mast for subsistence through the dormant 
season (Castleberry and Castleberry 2008). Unlike the regular production of mast by 
American chestnut, oaks are more prone to “pulsing” of resources, with occasional 
bumper years interspersed among years of average to low acorn production (Dalgleish 
and Swihart 2012). Woodrat populations are sensitive to mast crop failures common in 
oak-dominated ecosystems (Castleberry et al. 2002), as dependence on a lower-quality 
plant diet through the winter reduces reproductive output the following year (McClure 
1987, Justice and Smith 1992). Also, low mast availability forces woodrats to forage 
farther from their dens for alternative food sources during the winter, increasing risk of 
predation and decreasing stored fat reserves (Castleberry et al. 2001). Therefore, given 
their tendency for unreliability, acorns may be a poor substitute for regularly available 
chestnuts. 
Because of chestnut’s ecological and cultural importance, an intensive research 
and breeding program was begun to develop and restore a blight-resistant American 
chestnut in eastern forests. Specifically, Chinese chestnut (C. mollissima), which evolved 
in the presence of chestnut blight and is resistant to the fungus, and American chestnut 
were crossed to produce an American-Chinese hybrid. Hybrid chestnuts were then 
selectively backcrossed with pure American chestnut over 3 successive generations to 






chestnut. BC3F3 cultivars are in the final stages of plantation evaluation with test 
plantings underway (Clark et al. 2011, Jacobs et al. 2013). However, numerous questions 
remain regarding the ecological properties of these cultivars, particularly as they pertain 
to responses of wildlife consumers. 
Our goal was to elucidate the response of Allegheny woodrat populations to 
consistent mast crops as a means to explore the consequences of chestnut reestablishment 
for this imperiled rodent. My first objective was to evaluate Allegheny woodrat patterns 
of preference for chestnuts relative to other hard mast food items commonly available 
within their range. I also sought to determine whether pure American chestnut and BC3Fx 
hybrid seed represent equivalent food resources for woodrats. My final objective was to 
experimentally evaluate population- and individual-level responses of woodrats to the 
supplementation of mast resources by placing a surplus of mast within occupied woodrat 
den sites across populations throughout southern Indiana. If woodrat populations show a 
positive response to mast supplementation, the restoration of the American chestnut or 
other management strategies that ensure consistent mast availability may eventually serve 
as a management tool in promoting the recovery of the species. 
3.3 Methods 
Allegheny woodrat populations in Indiana were limited to the south-central karst region 
of the state, patchily distributed along a 76-km linear stretch of bluffs bordering the Ohio 
River (Figure 1; Cudmore 1985, Johnson 2002). These bluffs were characterized by 
discontinuous limestone and sandstone cliff habitats with upland deciduous forest above 
cliff lines and forested flood plain below. Mast-producing tree species in this habitat 






montana), white oak (Q. alba), chinkapin oak (Q. muehlenbergii), shagbark hickory 
(Carya ovata), pignut hickory (C. glabra), and black walnut (Juglans nigra). Other 
species such as sugar maple (Acer saccharum), white ash (Fraxinus americana), and 
eastern red-cedar (Juniperus virginiana) were common as well. 
Woodrats were distributed among 8 spatially isolated sites representing distinct 
populations (Johnson 2002): Bull’s Point Bluff (BPB), Shelterhouse 2 (SH2), Cold 
Friday (CF), South Harrison-Crawford State Forest (SHCSF), Tobacco Landing (TL), 
Pinnacle Point (PP), Narrows (NAR), and Rabbit Hash Ridge (RHR). I used standard 
live-trapping protocols to monitor woodrat abundance (Mengak et al. 2008). Specifically, 
I saturated activity areas (potential dens, latrines, runways, or visible caches) at each 
population with live-traps (Tomahawk #102, Tomahawk Live Trap, Hazelhurst, WI) 
baited with sliced apples. Trapping was conducted for 2 consecutive nights between July 
and October. For each woodrat captured, I recorded sex and body weight, and placed a 
numbered Monel size #1 tag (National Band & Tag Company, Newport, KY) in each ear 
(Hudson et al. 2006). 
We conducted seed preference trials at several woodrat populations (BPB, SH2, 
SHCSF, and CF) following trapping surveys from July through September 2012, 
modifying the methods of Richardson et al. 2013. I established 13 seed stations directly 
outside den sites presumed to be occupied based on capture locations recorded during my 
live-trapping surveys. At each station, I placed a seed tray with wells for 81 seeds. Trays 
were constructed from plywood boards (0.6 m × 0.6 m × 2.5 cm) with wells 1.3 cm in 
depth spaced 2.5 cm apart (Figure 2). Seed trays were passively monitored with motion-






We presented pure American chestnut, hybrid chestnut (BC3F2), black oak, 
northern red oak, shagbark hickory, pignut hickory, and black walnut seeds in preference 
trials. Acorns in the white oak group were not included due to limited availability of fresh 
seeds. I either acquired seeds from commercial vendors (black oak, red oak, hickories; 
F.W. Schumaker Co., Sandwich, MA; Sheffield’s Seed Co., Locke, NY), the Indiana 
state nursery (black walnut), or harvested from orchard trees throughout Indiana 
(chestnuts). All seeds presented in trials were de-husked and screened for weevil 
infestation or other defects and preserved in cold storage (4°C) until use in a trial. I 
presented 7 seeds of each type on seed trays (1 seed per well, 49 total seeds per tray; 
Figure 2) at dusk; each station was assigned a different random placement of seeds. At 
the conclusion of a trial the following day, I visited each station and recorded the identity 
and placement of seeds remaining on the tray and collected photos that had been recorded 
during the trial. Trials were run continuously for 4 or 5 nights at each population. 
Photos collected from each station allowed me to identify the animal species that 
visited during a trial and the order of seed removal. For each seed selection event, I 
recorded the date, time, station, and seed type selected. I then tallied the availability of all 
seed types at the time the selection event occurred, which comprised the choice set. If a 
woodrat investigated a choice set but did not make a selection, and did not return for >1 
minute after leaving the station, an event of no selection (‘ignore’) was recorded. The 
‘availability’ of the option to ignore all seeds was tallied as one in all cases. All photo 
interpretation was checked by a second observer for accuracy and consistency. 
We used a statistical crossover design to assign woodrat populations to mast 






population abundance. For each of the eight populations, I calculated three parameters of 
local abundance based on 2011 trapping results: (1) number of woodrats captured in 2011 
divided by the mean number captured since 1991, (2) captures in 2011 divided by the 
maximum number captured since 1991, and (3) the maximum number ever captured 
(Johnson 2002, Smyser et al. 2012b). I ranked populations based on these parameters 
separately, and then averaged the ranks to determine an ‘ultimate’ rank. Populations were 
then divided into two groups of four populations each. Both groups contained an equal 
distribution of sites with high and low ranks. I then randomly selected which high-
ranking and low-ranking population in the first group would be supplemented in both 
years (SH2, TL), and which high-ranking and low-ranking population in the second 
group would not receive any supplementation (BPB, PP), serving as controls. Remaining 
populations in groups 1 and 2 received supplementation in 2011 (CF, NAR) or 2012 
(SHCSF, RHR) only (Table 3.1). 
In October of 2011 and 2012 (following trapping), I distributed supplemental 
mast throughout woodrat population centers according to the treatments described above 
(Figure 1). Specifically, I placed 1 kg of acorns (mixed species representative of oaks 
within the woodrat range in Indiana) in a paperboard milk carton at every activity center 
where a woodrat was captured during previous monitoring efforts and wherever fresh 
woodrat sign (e.g., scat, cache) was present. Activity centers where more than one 
woodrat was captured received multiple cartons. One kg of acorns contained 
approximately 3500 kcal (Sundaram and Swihart, unpubl. data), equivalent to 75 days’ 
rations for woodrats in captivity (Smyser and Swihart, in press). Therefore, each carton 






cache. Acorns were frozen until distribution. I repeated population monitoring efforts in 
2012 and 2013, 10-13 months following supplementation treatments. 
To quantify ambient mast availability in woodrat habitat, I conducted hard mast 
surveys (Koenig et al. 1994) in 2006-2008 and 2011-2012 with individually marked trees 
distributed throughout the extent of woodrat habitat in Indiana. Oaks of the 
section Lobatae (northern red oak, black oak) and the section Quercus (white oak, 
chestnut oak, chinkapin oak) were included in these surveys. To assess acorn production, 
two observers performed two acorn counts each by using 10x binoculars to count as 
many acorns as possible in 30 seconds. I then averaged across the two observers and two 
timed counts to yield an index of mast production for each marked tree. I calculated an 
index of acorn abundance in each year by multiplying the mean count of acorns for 
species i by the mean density of mature trees of species i given by Smyser (2010), and 
computing sums for species in Lobatae and Quercus. Because the area evaluated was 
small (Figure 1), it is likely that mast production patterns were consistent within species 
(Sork et al. 1993), and the range of variation within species was captured by the trees 
incorporated in the surveys. 
I analyzed seed preference data using the discrete choice model developed in 
Richardson et al. (2013). Specifically, for each selection i, I modeled the probability that 
a woodrat would select a particular seed type j, i.e., P(yi = j), given relative abundance of 







































where Xj is an indicator vector for seed species. The regression was implemented in a 
Bayesian framework in WinBUGS 1.4.3 (Spiegelhalter et al. 2003). The model included 
two nested levels of random effects for feeding station and trial to account for potential 
non-independence of selection events. Station was included to account for variation in 
background seed availability and other site conditions, and trial was included because 
selection events by the same animal within a given trial were likely autocorrelated. I 
estimated the following preference parameters: strength of preference for or against a 
particular seed type in trial t at station s (βts) relative to the option to ignore all seeds; 
mean preference across trials at station s (μs); and overall mean preference (η) across 





, respectively. I used vague, Normal (0, 10) priors for β, μ, and η 




. Inferences were based on 5000 Markov-
chain Monte Carlo (MCMC) samples from the joint posterior distribution. I ran three 
chains with a burn-in of 10000 and a thinning rate of ten, and I evaluated convergence 
with a Gelman-Rubin statistic cut-off of 1.1 (Rhat; Gelman et al. 2004). 
I considered preference to be strong if the fraction of the posterior distribution for 
η more extreme than zero was ≥0.95 and moderately strong if it was 0.9-0.95. To 






probability of selecting seed type k when presented 1:1 with seed type j. To assess the 
significance of these comparisons, I calculated the fraction of the posterior distribution 
more extreme than zero associated with derived parameters for ηk – ηj. Model 
performance was evaluated by calculating a posterior predictive p-value (pB; Gelman et 
al. 2004) using the sum of the Pearson residuals as my test statistic. Additionally, I 
estimated the mean proportion of observations correctly predicted by the fitted model (CP) 
from 500 simulated datasets. I compared CP for the fitted model to CP for a null model, 
which assumes that selection is proportional to availability, and calculated the percent 
improvement in CP scores for the fitted model relative to the null model. 
To test the effect of mast supplementation on population vital rates, I calculated 
growth rates, apparent survival, and recruitment for each site. Annual population growth 
rates were calculated as λ = N(t+1)/N(t), where N(t) is population abundance in year t 
(Williams et al. 2002). Apparent survival was based on the number of marked animals 
recaptured after treatment, and recruitment was based on the number of total captures that 
were new captures. Since woodrats are highly trappable (probability of capture = 0.86 ± 
0.06; Castleberry et al. 2013), the majority of new captures were likely young-of-the-year; 
however, resident woodrats that previously eluded trapping may have contributed to 
‘recruitment’. Immigration is unlikely as populations were spatially isolated and genetic 
data indicates that probability of immigration from a different population is minimal 
(Smyser et al. 2012b). I conducted an ANOVA for each vital rate (growth, survival, and 
recruitment) using treatment (2-year supplementation, 1-year supplementation, and 






To test the effect of mast supplementation on individual condition, I regressed 
body mass following treatment against body mass before treatment for individuals that 
were captured in 2 successive years (n = 60), with treatment type (supplemented in first 
year of capture or not) as a covariate, while controlling for sex and days elapsed between 
capture events. Individuals that gained >50% of their first year’s body mass were 
excluded from analyses, so as not to conflate the effects of juvenile maturation with 
supplementation. The 50% cutoff was set by computing the minimum percent weight 
gain of captured individuals known to be juveniles (<185g) that were recaptured the 
following year. One-tailed tests were used for the supplementation experiment. 
3.4 Results 
Of 61 preference trials conducted, 36 trials across 10 stations yielded selection data for 
woodrats, with a total of 807 individual seed selections recorded, plus 67 ‘ignore’ events. 
The fitted discrete choice model correctly predicted a greater proportion of observations 
than a null model (CP = 0.37; 110% improvement). The posterior predictive p-value was 
low (pB = 0.11). All seed types tested were more likely to be taken than ignored, except 
black walnut, which was strongly avoided. However, woodrats were inconsistent in 
avoiding black walnut (Table 3.2). Red oak and black oak, which were equally preferred, 
were more likely to be selected than all other seed types (Table 3.3), with low variation 
within and among stations. American chestnut and BC3F2 chestnut were intermediate in 
overall preferences and variation among stations and trials: American chestnut was more 
likely to be selected than shagbark hickory or black walnut, and BC3F2 chestnut was as 
likely to be selected as either of the hickories. American chestnut was marginally more 






Mean population growth rates were not affected by treatment type (F2,5 = 2.33, p 
= 0.19). Control populations showed stable growth (λcontrol = 1.09 ± 0.36), while treated 
populations decreased (λ2yr = 0.49 ± 0.26; λ1yr = 0.53 ± 0.11; Figure 4). Mean survival 
rates did not differ significantly across treatments (F2,5 = 0.71, p = 0.54). Recruitment 
rates also did not differ significantly among treatments (F2,5 = 3.14, p = 0.13), and 
populations supplemented over 2 years showed the lowest mean recruitment (R2yr = 0.63 
± 0.04; Figure 4). 
Supplementation did not affect body mass changes in woodrats captured over 2 
successive years (βtreated = 6.01, t57 = 0.78, p = 0.44). Sex had a significant effect on 
weight gain; males gained more weight on average in 1 year than females (βmale = 
17.63, t57 = 2.08, p = 0.04). When only males were included in the regression (n = 16), 
there was some evidence of a positive effect of supplementation, but the effect was not 
significant (βtreated = 24.00, t13 = 1.47, p = 0.17). Days elapsed between capture events had 
a significant effect on weight (βdays = -0.51, t13 = -2.99, p = 0.01); males with fewer days 
between captures had higher body mass the second year.    
Our index of ambient acorn abundance indicated that production of Lobatae 
acorns was high in 2011 and moderate in 2012, the years in which supplementation 
treatments were applied. Lobatae experienced a crop failure in 2008. Quercus production 
varied inversely with Lobatae (r = -0.9, t3 = -3.55, p = 0.04; Figure 3). 
3.5 Discussion 
Allegheny woodrats showed consistently strong preferences for acorns over chestnut and 
other seed types. Even though chestnuts contain no tannin (Sundaram and Swihart, 






concentration (Hadj-chikh et al. 1996). Nutrient composition may also affect preference. 
Acorns of the section Lobatae have higher lipid content than carbohydrate-rich chestnuts 
(Vander Wall 2001, Sundaram and Swihart, unpubl. data), the higher caloric density of 
which is vital for maintenance of energy reserves through the winter. Because seed 
stations were set up directly outside protective woodrat den sites (≤5 m from entrance), it 
is unlikely that seed size or transport cost were major factors influencing observed 
preferences of den residents; large seeds probably imposed little to no cost because they 
were carried only a short distance to be cached in a den. 
Woodrats readily selected pure American chestnuts, and they preferred them over 
shagbark hickory and black walnut, seeds with tougher shells. BC3F2 chestnut, though, 
was no more likely to be selected than these tougher seed types, and was marginally less 
likely to be selected than American chestnut (Table 3.3). My results suggest that BC3Fx 
and American chestnut seeds might not be perceived as equivalent food resources by 
woodrats. Further work is needed to examine the similarities in functional traits of BC3Fx 
and American chestnuts before large-scale restoration plantings are planned as a tool for 
woodrat recovery. This is particularly important given that a major anticipated benefit of 
chestnut restoration efforts is the availability of a consistent wildlife food source 
(Dalgleish and Swihart 2012). 
At the population level, woodrats showed no discernible response to mast 
supplementation compared to un-supplemented control populations. Food did not appear 
to be a limiting resource for the Indiana woodrat metapopulation during my study. The 
addition of food, whether over 2 consecutive years or in a single year, did not prevent 






provided at each woodrat activity center was likely of adequate quantity, as it represented 
a substantial increase in overall mast available for winter caches, providing >60% of 
calories necessary to sustain a woodrat through a 120-day period in captivity (Smyser and 
Swihart, in press). Alternatively, if woodrats integrate food resources over multiple years 
to influence reproductive output, supplementation treatments may not have been of 
adequate duration (Vessey 1987). Woodrats have low reproductive potential relative to 
most rodents (Mengak 2002), so this unique characteristic may have limited the ability to 
elicit an immediate positive response to food surpluses. 
Furthermore, the 2 years of my study did not encompass an acorn crop failure 
during which supplementation would be expected to buoy treated populations, as the 
addition of mast during a time of abundant natural food could lessen the importance of 
these additional resources for woodrat survival and reproduction. Ambient availability of 
less-perishable red oak and black oak acorns was high (2011) and moderate (2012) 
during my study. In contrast, woodrats would have had limited access to this resource 
during 2008, and hence could have benefited more markedly from supplementation in 
2008 (Figure 3). Variation in acorn availability also could influence responses to 
supplementation. BPB (a control population) showed greater production of red and black 
oak mast than SHCSF in 2011, and greater overall mast abundance than RHR in 2012 
(Johnson, unpubl. data). Hence, woodrats at BPB may have benefited from already high 
mast production in both years of the study. NAR, an eastern site dominated by red oak 
and black oak (Smyser 2010) was supplemented in 2011, when red oak production was 
already high, so the effect of supplementation during a resource pulse at this population 






Body mass of male woodrats (averaging 4.4% higher mass following 
supplementation) was positively affected by supplementation but impacts were not 
statistically significant. Adult males may more appropriately represent the effects of 
supplementation than females, since female weights may vary as a function of the 
conversion of fat reserves to pup development. Larger sample sizes of surviving males 
will be necessary in future studies to increase statistical power to detect meaningful 
effects. Using an index of body condition (Stevenson and Woods 2006), such as the ratio 
of weight to body length, may also be more reliable and informative than body mass in 
detecting effects of extra food. 
Some studies describing supplementation of rodent populations with food 
resources have reported positive results (e.g., Fordham 1971, Taitt 1981, Jones et al. 
1998) and found that some rodent populations are limited by food availability (e.g., 
Sullivan et al. 1983, Sullivan 1990). Other studies have had mixed success (see Boutin 
1990, Shimada 2006), or positive effects were dependent on the type of food used 
(Gilbert and Krebs 1981) or timing of supplementation (Hansen and Batzli 1979, Vessey 
1987). Individual-level effects (home range size, body weight, or earlier breeding) are 
often more apparent than population-level responses, as the overall pattern of population 
dynamics does not usually change in response to extra food (Boutin 1990). My results 
followed this pattern, as there was weak evidence for individual-level effects in 
supplemented males having higher body weight following treatment. However, my study 
did not encompass a resource trough, which is when woodrats are most likely to be food-






In the absence of supplemental feeding, others have documented rodent 
population responses to years of naturally high or low mast crops by showing changes in 
density, abundance, and reproduction (Gashwiler 1979, Halvorson 1982, Ostfeld et al. 
1996, Wolff 1996, McShea 2000). Others found no effects, or reported differential 
responses of different granivorous rodents (McCracken et al. 1999, Schnurr et al. 2002). 
Shimada and Saitoh (2006) suggested that contradictory observations may be due to the 
fact that not all large mast crops are nutritionally equivalent, and emphasized that 
responses to masting should not be generalized due to high variation in both seed traits 
and characteristics of granivore species. Therefore, supplementation with chestnut seed 
rather than acorns during a year of ambient mast failure may be a better approach to 
predicting the effects of chestnut restoration on woodrat populations. Allegheny woodrat 
abundance in Virginia was positively correlated with the previous year’s mast abundance 
at some sites (Mengak and Castleberry 2008). In Indiana, it is more likely that external 
pressures (e.g., predation, severe weather, disease) were driving changes in abundance 
and reproduction during my supplementation study. Supplementation experiments at a 
more stable metapopulation (Smyser et al. 2012b) or during an acorn crop failure may be 
more informative in determining how Allegheny woodrats might benefit from the 
stability of chestnut, or from supplementation as a surrogate. 
In my study, Allegheny woodrats did not prefer chestnuts over acorns. Moreover, 
woodrat populations did not respond positively to supplementation intended to simulate 
increases in mast availability likely to be associated with chestnut restoration. Further 
studies supplementing with chestnut seed and during periods of failed acorn crops are 






The addition of American chestnut to the native range of the woodrat may benefit 
woodrat populations (Dalgleish and Swihart 2012), as its assumed consistent production 
would minimize the risk of total mast crop failure, the phenomenon to which woodrat 
populations are most sensitive (Wright and Kirkland 2000, LoGiudice 2006). Conversely, 
dramatic increases in mast availability appear as though they are unlikely to positively 
increase woodrat demographic rates.  
Since large-scale restoration success is still a distant target (Jacobs 2007), steps 
should be taken to ensure that other mast-producing trees, specifically oaks, are 
maintained to ensure consistent availability of high-energy food resources. If diversity is 
maintained, acorns are not necessarily a poor substitute for chestnuts, especially given 
woodrats’ demonstrated preference for mast from the oak section Lobatae. In lieu of 
chestnut restoration, maintaining abundance and diversity of oaks may be of more 
immediate importance as a management tool to promote woodrat recovery, especially 
given that chestnut restoration faces many challenges to success (Jacobs 2007). 
Increasing diversity of oaks reduces the probability of complete mast failure in any given 
year (Koenig et al. 1994, Koenig and Haydock 1999) and can serve as a key factor in 







Table 3.1 Woodrat abundance and number of cartons containing 1 kg of supplemental 
acorns distributed at each woodrat population
1
 in each year. Cartons were placed at each 












TL 2-year 36 25 2 27 
SH2 2-year 9 10 5 15 
NAR 1-year 15 14 2 16 
CF 1-year 22 21 5 26 
RHR 1-year 31 0 0 0 
SHCSF 1-year 26 0 0 0 
BPB Control 30 0 0 0 
PP Control 11 0 0 0 
2012 Sites  
    
TL 2-year 38 26 3 29 
SH2 2-year 4 4 8 12 
NAR 1-year 13 0 0 0 
CF 1-year 10 0 0 0 
RHR 1-year 23 22 3 25 
SHCSF 1-year 21 27 8 35 
BPB Control 22 0 0 0 
PP Control 18 0 0 0 
1
 TL = Tobacco Landing, SH2 = Shelterhouse 2, NAR = The Narrows, CF = Cold Friday, RHR = Rabbit 








Table 3.2 Parameter estimates derived from posterior distributions for a mixed-effects 
model of woodrat seed preferences, including overall mean preference (η), within-station 
standard deviation (σβ
2
), and among-station standard deviation (σµ
2
). The fraction of the 
posterior distribution greater than zero, P(>0), is given for η. Seed types are listed in 
descending order of estimated overall preference. The option to ignore all seeds served as 
the baseline (η = 0) for parameter values in all models, so positive and negative 
coefficients signify preference or avoidance, respectively, relative to ignoring all seeds in 
a choice set. 
Seed Type
1 
Selections Parameter Mean SD P(>0) 
NRO 117 
    
  









 0.84 1.00 
 
BLO 115 
    
  









 0.95 1.09 
 
AMC 124 
    
  









 1.37 1.36 
 
PIH 120 
    
  









 2.09 1.97 
 
BC3 128 
    
  









 1.71 1.55 
 
SHH 154 
    
  

















Table 3.2 continued 
BLW 49 
    
  









 5.03 2.55 
 
1
AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, BLW = black walnut, 







Table 3.3 Fraction of the posterior distribution more extreme than zero (P(>0)
 1
) for 
pairwise differences in woodrat seed preference (ηk – ηj, above the diagonal), and the 
probability of selecting seed type k (rows) when presented 1:1 with seed type j (columns; 
below the diagonal). Significantly different comparisons (based on values above the 
diagonal) are bolded (P(>0) > 0.95) or italicized (P(>0) ≥ 0.9). 
Seed type k
2 Seed type j
 
IGN AMC BC3 BLO BLW NRO PIH SHH 
IGN - 0.00 0.00 0.00 1.00 0.00 0.00 0.00 
AMC 0.90 - 0.92 0.05 1.00 0.01 0.57 0.99 
BC3 0.82 0.35 - 0.00 1.00 0.00 0.16 0.87 
BLO 0.97 0.68 0.80 - 1.00 0.18 0.94 1.00 
BLW 0.17 0.03 0.05 0.02 - 0.00 0.00 0.00 
NRO 0.98 0.74 0.84 0.59 0.98 - 0.98 1.00 
PIH 0.85 0.49 0.61 0.35 0.95 0.29 - 0.97 
SHH 0.75 0.28 0.43 0.16 0.91 0.12 0.29 - 
1
Note that P(<0) = 1 – P(>0) 
2
IGN = Ignore, AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, BLW = 

















Figure 3.2 An Allegheny woodrat makes a selection from a seed tray during a preference 
trial. Photo was captured by a motion-sensitive camera, which recorded the seed types 








Figure 3.3 Index of ambient acorn abundance over time throughout Indiana woodrat 
habitat. Values were computed using acorn count data from hard mast surveys conducted 























































Figure 3.4 Mean (±SE) annual growth rate, apparent survival, and recruitment over 2 
years for sites receiving 2 years of supplemental food, 1 year of supplemental food, or no 
supplemental food. 
 
















CHAPTER 4.  SELECTION, CACHING, AND CONSUMPTION OF HARDWOOD 
SEEDS BY FOREST RODENTS 
4.1 Abstract 
Attempts to restore the functionally extirpated American chestnut (Castanea dentata) to 
eastern landscapes are planned with the successful cultivation of a blight-resistant hybrid 
tree (BC3F3), but seed predation by vertebrate consumers, especially rodents, may impede 
restoration if rodents preferentially consume novel BC3F3 nuts over other currently 
available sources of mast. Alternatively, scatter-hoarding rodents could ultimately 
facilitate dispersal of BC3F3 throughout the landscape. I evaluated seed selection and use 
by five rodent species by presenting pure American and BC3F2 seeds in preference trials 
along with other commonly available seed types and recording fates of tagged seeds 
recovered within a defined search area. I employed a discrete choice model to determine 
preferences in seed removal and tested for differences among seed types in caching and 
consumption after correcting for tag detectability. Mice, chipmunks, and flying squirrels 
showed a preference for chestnut seeds over larger, tougher seed types (e.g., black walnut, 
hickory, red oak), whereas fox squirrels and gray squirrels preferred these seeds to 
chestnut. Both groups of rodents were more likely to consume a higher proportion of 
chestnut than other seed types. In some cases, rodents also displayed a significant 
preference for pure American chestnuts over BC3F2 chestnuts. In general, seeds cached 






proportion of BC3F2 seeds were not recovered and presumed carried beyond my 
search area than American chestnut, suggesting that BC3Fx seeds may be dispersed 
farther and cached more often. My results indicate that most rodent consumers would 
hinder the spread of BC3F3 chestnut from reintroduction sites through consumption of 
seeds. In addition, given that treatment of BC3F2 and American chestnuts differed, my 
results indicate that these cultivars are not ecologically equivalent food resources for 
forest rodents. 
4.2 Introduction 
The American chestnut (Castanea dentata) once was a foundation species in much of 
the eastern deciduous forest, defining the architecture and ecological function of these 
systems (Ellison et al. 2005). In addition to its numerical dominance as an overstory 
species throughout many of the climax hardwood forests (Keever 1953), it differed 
from other mast producers in both the quantity and quality of its annual seed crop 
(Dalgleish and Swihart 2012). In comparison to oaks (Quercus), American chestnuts 
are believed to have produced relatively consistent, large crops of chestnuts 
(Diamond et al. 2000, Gilland et al. 2012) that were likely highly palatable to 
granivores due to their low concentrations of tannins (Sundaram and Swihart, unpubl. 
data).  
Over the first half of the 20
th
 century, chestnut blight (Cryphonectrica 
parasitica), a non-native fungal pathogen, reduced the American chestnut to only 
handfuls of isolated, relic mature trees (Hepting 1974), and subsequent infection 
prevented young trees from reaching reproductive maturity (Paillet 2002). The rapid 






communities; oaks were most successful at filling the vacated niche (Keever 1953, 
Woods and Shanks 1959), and a broad array of wildlife species became increasingly 
reliant on energy-rich acorns for survival through the dormant season (McShea and 
Healy 2002). 
In an effort to restore the ecological niche uniquely filled by the American 
chestnut, an intensive research and breeding program was begun to develop a blight-
resistant American chestnut. Specifically, Asian chestnuts (C. mollissima and C. 
crenata), which evolved in the presence of chestnut blight and are resistant to the 
fungus, were crossed with American chestnuts to produce a hybrid chestnut (BC3; 
Burnham et al. 1986). After subsequent intercrosses (BC3 × BC3), BC3F3 cultivars are 
in the final stages of plantation evaluation with test plantings underway in preparation 
for introduction to the former range of American chestnut (Clark et al. 2011, Jacobs 
et al. 2013). 
Although BC3F3 chestnuts share approximately 94% of their genetic material 
with American chestnut, numerous questions remain with regard to the ecological 
properties of these cultivars. BC3Fx chestnut trees are morphologically similar to 
American chestnuts (Diskin 2006), but may function very differently in their 
environment (e.g., Crystal 2013).  For example, BC3Fx seeds or foliage may possess 
chemical or physical traits that could affect interactions with animal consumers.  
Seed predation by wild vertebrates can limit recruitment into plant populations 
(Janzen 1971), but scatter-hoarding vertebrates have the potential to aid in plant 
recruitment, influencing forest regeneration and subsequent tree species composition 






important seed predators and dispersers in forests that once included chestnut (Steele 
and Smallwood 2002). Eastern gray squirrels (Sciurus carolinensis) and fox squirrels 
(Sciurus niger) tend to scatter-hoard, or bury small groups of seeds in numerous 
locations (Smith and Stapanian 2002), and so may serve as dispersal agents for 
chestnut when stored seeds are not recovered. White-footed mice (Peromyscus 
leucopus), eastern chipmunks (Tamias striatus), and southern flying squirrels 
(Glaucomys volans) are known primarily as seed predators (Steele and Smallwood 
2002), which are more likely to limit dispersal capacities of chestnut. Although they 
do scatter-hoard at times, they are typically larder-hoaders, concentrating their seed 
caches in a few protected locations where seedlings are unlikely to emerge. Therefore, 
the relative preference of these granivorous species for BC3Fx mast is one element 
that may have important implications for either promoting or limiting the expansion 
of the BC3F3 from reintroduction sites. Additionally, the ecological equivalence of 
these cultivars as food resources should not be assumed unless consumers treat BC3Fx 
and American chestnut seeds similarly. 
Given the lack of information on how the small mammal community may 
respond to the establishment of BC3F3 chestnuts, I conducted a series of field trials to 
achieve the following goals: (1) Evaluate patterns of preference by small mammal 
consumers for chestnuts relative to other hard mast food items commonly available 
within the historic range of the American chestnut, (2) determine the fate of chestnut 
following selection, and assess implications of seed predation and dispersal by small 
mammals for chestnut recruitment, and (3) determine whether rodents treat BC3Fx 







I conducted field trials over 2 years at two locations in Indiana, modifying the 
methods of Richardson et al. (2013). In 2011, I established 30 feeding stations (30-40 
m apart) in a mature second-growth hardwood forest in southern Harrison County. In 
2012, I established ten feeding stations (50-60 m apart) in similar habitat in central 
Tippecanoe County. Local mast-producing tree species at these sites primarily 
included northern red oak (Quercus rubra), black oak (Quercus velutina), white oak 
(Quercus alba), shagbark hickory (Carya ovata), pignut hickory (Carya glabra), and 
black walnut (Juglans nigra). Fox squirrels, gray squirrels, southern flying squirrels, 
eastern chipmunks, and white-footed mice were found at both sites. 
At each feeding station, I placed a seed tray with wells for up to 81 seeds. 
Trays were constructed from plywood boards (0.6 m × 0.6 m × 2.5 cm) with wells 1.3 
cm in depth spaced 2.5 cm apart. If needed, an exclosure constructed from hexagonal 
wire hardware cloth was placed around the seed tray to deter raccoons. Seed trays 
were passively monitored with motion-sensitive cameras (PC900 HyperFire 
Professional, Reconyx, Inc., Holmen, WI) equipped with an infrared flash to 
minimize disturbance to nocturnal visitors. Stations were pre-baited for 2-10 days 
with sunflower seeds prior to the initiation of trials to attract rodents and allow them 
to habituate to seed trays. 
I conducted preference trials with pure American chestnut, hybrid chestnut 
(BC3F2), black oak, northern red oak, white oak, chestnut oak (Quercus montana), 
shagbark hickory, pignut hickory, and black walnut seeds. I collected mature seeds 






oak, chestnut oak) or acquired them from a commercial vendor (black oak, red oak, 
white oak, chestnut oak, hickories; F.W. Schumaker Co., Sandwich, MA; Sheffield’s 
Seed Co., Locke, NY), depending on local availability of various seed types. Black 
walnut was provided by the Indiana State Nursery (Vallonia, IN). American chestnut 
and BC3F2 chestnut were harvested from orchard trees found throughout Indiana. All 
seeds presented in trials were de-husked and screened for weevil infestation or other 
defects and preserved in cold storage (4°C) until use in a trial. Not all seed types were 
available for use in both years (Table 4.1). 
To determine fate of seeds following selection, I tagged seeds for a subset of 
trials, implementing methods described in Xiao et al. (2010). Briefly, I drilled a 2-
mm diameter hole through each seed near the basal end and inserted a 10-cm section 
of 26-gauge floral wire. The wire was then twisted to secure it to the seed. On the 
other end of the wire, I fastened a 5-cm neon-colored tag made of masking or duct 
tape labeled with seed type, station of origin, and trial date. 
I conducted seed preference trials for both nocturnal (mice, flying squirrels) 
and diurnal (chipmunks, tree squirrels) rodents in fall of 2011 (90 nocturnal and 90 
diurnal trials, where a “trial” represents one run at one station) and 2012 (20 
nocturnal and 20 diurnal trials). Tree squirrels did not visit any trials conducted in the 
fall (see Results), so diurnal trials were repeated in April 2013 (15 trials). For each 
trial, I presented equal numbers (from 5-9) of each seed type on seed trays (1 seed per 
well); each station was assigned a different random ordering of seeds. At the 
conclusion of a trial, I visited stations and recorded the identity and placement of 






nocturnal trials began at sunset, and stations were closed before sunrise; setup for 
diurnal trials began at sunrise, and stations were closed before sunset. 
Following each trial in which tagged seeds were presented, I searched for tags 
around stations to determine fate of seeds removed from stations. I searched a circular 
area 30 m in radius (~2800 m
2
) surrounding each station. Brightly colored tags were 
visible among the leaf litter and herbaceous layer on the forest floor. Each area was 
searched for a maximum of 1 hour, or until all seeds missing from the station had 
been relocated. A seed was recorded as eaten or partially eaten if only its tag was 
recovered or if bits of shell or nutmeat were still attached, cached if the seed was 
buried intact in the soil or under the leaf litter, or ‘unknown’ if its tag had been 
chewed off. I measured the distance in meters to each seed from its original station 
center with a tape measure or by determining the distance back to station center using 
a handheld GPS unit (GPSMAP 60CSx, Garmin, Olathe, KS) if obstruction prevented 
accurate measurement with tape, especially for seeds beyond 20 m. Tag searches 
were conducted even if cameras were inadvertently misaligned over the seed tray, 
which obscured seeds that were available on the tray but still recorded which animal 
species removed seeds. 
Because the number of tags recovered was less than the number of tagged 
seeds presented in trials (see Results), I conducted three mock tag searches as single-
blind experiments to evaluate detection rates for tags (Moore et al. 2007). At each of 
three stations, varying in levels of herbaceous cover from minimal to high cover 
(representative of the range of herbaceous cover at my established stations), I 






30-m radius circle. An experienced technician then conducted regular tag searches, 
recording the proportions of “eaten” and “cached” seeds recovered around each 
station. I used these data to estimate correction factors and calculate estimates of the 
true number of eaten or cached seeds within the search radius (i.e., including those 
that were undetected). 
Photos collected from each station allowed me to identify which granivore 
species visited during a trial and the order of seed selection. For each selection event, 
I recorded the date, time, station, granivore species, and seed type selected. I then 
tallied the availability of all seed types at the time the selection event occurred, which 
comprised the choice set. If a rodent investigated a choice set but did not make a 
selection, and did not return for >1 minute after leaving the station, an event of no 
selection (or ‘ignore’) was recorded. The ‘availability’ of the option to ignore all 
seeds was tallied as one in all cases. All photo interpretation was checked by a second 
observer for accuracy and consistency. 
I analyzed seed preference data using the discrete choice model developed in 
Richardson et al. (2013). Specifically, for each selection i, I modeled the probability 
that a species would select a particular seed type j, i.e., P(yi = j), given relative 







































where Xj is an indicator vector for acorn species.  The regression was implemented in 
a Bayesian framework in WinBUGS 1.4.3 (Spiegelhalter et al. 2003). Models 
included two nested levels of random effects for station and trial to account for 
potential non-independence of selection events. Station was included to account for 
variation in background seed availability and other site conditions, and trial was 
included because selection events by the same animal within a given trial were likely 
autocorrelated.  
I estimated the following preference parameters: species’ strength of 
preference for or against a particular seed type in trial t at station s (βts) relative to the 
option to ignore all seeds; mean preference across trials at station s (μs); and overall 
mean preference (η) across trials and stations. I also estimated within-station and 




, respectively. I used vague, 





Inferences were based on 5000 Markov-chain Monte Carlo (MCMC) samples from 
the joint posterior distribution. I ran three chains with a burn-in of 10000, and a 
thinning rate of ten, and I evaluated convergence with a Gelman-Rubin statistic cut-
off of 1.1 (Rhat; Gelman et al. 2004). Separate models were evaluated for each 
granivore species. 
I considered preference to be strong if the fraction of the posterior distribution 
for η more extreme than zero was ≥0.95 and moderately strong if it was 0.9-0.95. To 
compare the preference for a given seed type relative to others, I calculated the 






significance of these comparisons, I calculated the proportion of the posterior 
distribution of ηk – ηj that was more extreme than zero. 
Model predictive performance was evaluated by calculating a posterior 
predictive p-value (pB; Gelman et al. 2004) using the sum of the Pearson residuals as 
a test statistic. Additionally, I estimated the mean proportion of observations correctly 
predicted by fitted models (CP) from 500 datasets simulated by the models. I 
compared CP for the fitted model to CP for a null model of no preference, which 
assumes that selection is proportional to availability, and calculated the percent 
improvement in CP scores for the fitted model relative to the null model. 
From my mock search data, I used a χ2 test to evaluate differences in 
detectability of “cached” and “eaten” tags. I used logistic regression to evaluate 
differences in detectability between sites as a function of level of herbaceous cover. 
In addition, I evaluated the probability of detection as a function of distance from 
station center. Because probability of detection decreased with distance from station 
center (p(distance); see Results), I applied a correction factor by multiplying each tag 
i by 1/p(distance i) to estimate the number of undetected seeds within the search area. 
I also estimated the number of seeds moved outside the search area by subtracting the 
estimated number within the search area from the total number taken. To determine 
whether seed types differed in terms of likelihood of being consumed or cached after 
they were removed by rodents, I tested for differences in the adjusted number of 
seeds cached (relative to the number taken) of each seed type using a χ2 test 
(permutation-based for species with low sample sizes). I then performed multiple 






(Benjamini and Hochberg 1995). I did the same for adjusted frequencies of seeds 
taken outside the search area. In addition, I modeled the probability that a recovered 
seed was cached as a function of distance from station center and extrapolated this 
regression to a distance of 80 m from station center to determine the possible fate of 
seeds taken outside the search area. 
4.4 Results 
Rodent visitation at feeding stations varied considerably across years and species 
(Table 4.1). Relative to the option to ignore all seeds, discrete choice models revealed 
strong preferences in white-footed mice and southern flying squirrels and both strong 
and moderate preferences in eastern chipmunks, fox squirrels, and eastern gray 
squirrels (Table 4.2). The models correctly predicted a higher proportion of 
observations than null models, resulting in improved performance relative to the null 
model for all species (Table 4.3). 
In my mock tag searches, I recovered 78% of “eaten” seeds and 88% of 
“cached” seeds. These proportions were not significantly different (χ2 = 1.5, p = 0.22). 
However, probability of detecting seeds decreased with increasing distance from 
station center (βdistance = -2.35, p < 0.01); this model provided the correction factor 
applied to distances of all recovered seeds. Level of herbaceous cover surrounding 
mock search station centers did not affect probability of tag detection (βcover = -0.27, p 
= 0.40). 
I recorded a total of 501 individual seed selections made by mice over both 
years. All seed types were more likely to be ignored than taken (Table 4.2), and black 






seed type (with the exception of American chestnut), and had low variation within 
and among stations. American chestnut was as likely to be selected as black oak and 
red oak, was preferred over the hickories and chestnut oak, and was marginally more 
preferred than white oak (Table 4.4). BC3F2 chestnut was as likely to be selected as 
American chestnut (Table 4.4). Within- and among-station variation was higher for 
American chestnut and BC3F2 than for any of the oaks. Mice took a total of 71 tagged 
seeds, 36 of which were recovered (plus one of unknown fate). Mice tended to 
consume American chestnut, black oak, chestnut oak, and white oak; they tended to 
cache hickories (Table 4.5). Red oak was consumed and cached equally (Table 4.5). 
No fate data were obtained for BC3F2 seeds. A low sample size of recovered seeds 
resulted in low power to detect differences; permutation-based χ2 tests revealed no 
significant differences between seed types in proportion cached or proportion of seeds 
not recovered and presumed taken beyond the search area. 
We recorded a total of 137 selections made by chipmunks. American chestnut 
and black oak were the only seed types significantly more likely to be taken than 
ignored, while black walnut was strongly avoided. Within- and among-station 
variation was comparable across seed types, but black oak showed the least variation 
(Table 4.2). American chestnut was as likely to be selected as black oak, white oak, 
and pignut hickory, but marginally preferred over red oak and shagbark hickory. 
Chipmunks were significantly more likely to select American chestnut than BC3F2 
chestnut, and in fact, the difference between BC3F2 and black walnut was not 
significant (Table 4.4). I recovered only four of 16 tagged seeds taken by chipmunks. 






We recorded a total of 161 selections made by flying squirrels. American 
chestnut, BC3F2 chestnut, and pignut hickory were as likely to be taken as ignored, 
and all other seed types were more likely to be ignored than taken (Table 4.2). 
American chestnut and BC3F2 chestnut were as likely to be taken as any other seed 
type, except for black walnut and chestnut oak, which were less likely to be selected 
than any other seed type (Table 4.4). I recovered only ten of 35 tagged seeds taken by 
flying squirrels and did not attempt further comparisons between seed types. 
We recorded a total of 300 selections made by fox squirrels. Fox squirrels 
were unlikely to ignore any seed types (Table 4.2). American chestnut was as likely 
to be selected as any other seed type, but BC3F2 was marginally less likely to be 
selected than black walnut, pignut hickory, or red oak (Table 4.4). Fox squirrels 
showed somewhat more within-station variation related to American chestnut than 
other seed types, and more between-station variation with black walnut compared to 
other seed types. I recovered 721 seeds handled by fox squirrels (plus two of 
unknown fate). The majority of these seeds (89%) were consumed; however, a 
number of seeds were cached (Table 4.5). Proportions of each seed type recovered 
were highly variable (1-71%); notably, only one cached black walnut was recovered. 
Multiple pairwise comparisons revealed 11 significant differences related to caching 
and 16 related to seed movement (Table 4.6). Black walnut was not included in these 
analyses. Pignut hickory was significantly more likely to be cached than American 
chestnut, BC3F2, black oak, chestnut oak, and white oak, and shagbark hickory and 
red oak were more likely to be cached than all those types, except BC3F2 and black 






and presumed taken outside the search area than pignut hickory, shagbark hickory, 
chestnut oak, and BC3F2. BC3F2 also had a higher proportion of seeds not recovered 
and presumed taken outside the search area than black oak, red oak, and white oak, 
and these proportions were not significantly different from either of the hickories. 
The large sample of recovered seeds taken by fox squirrels enabled further 
exploration of the data. Specifically, logistic regression revealed a significant 
relationship between probability that a recovered seed was cached and distance from 
station center (βdistance = 2.21, p < 0.001), suggesting that the probability of a seed 
being cached increased with distance. Extrapolation of this relationship outside of the 
30-m radius search area suggests that at a distance of approximately 60 m, probability 
of caching for most seed types approached 1 (Figure 1). Two seed types (red oak and 
pignut hickory) had a significant effect of seed type on probability of being cached 
(βNRO = 0.74, p = 0.05; βPIH = 1.04, p = 0.01; Figure 1).   
We recorded a total of 47 selections made by gray squirrels in a single trial. 
For this trial, gray squirrels preferred black walnut, hickories, and chestnut oak over 
any other seed type. They were as likely to select American chestnut as white oak, 
black oak, or red oak. They were significantly more likely to select American 
chestnut than BC3F2 chestnut, and they were less likely to select BC3F2 than any other 
seed type (Table 4.4). I recovered 59 seeds handled by gray squirrels (plus two of 
unknown fate), but the proportion of each seed type recovered was highly variable (0-
100%). Notably, no black walnut seeds were recovered and so were excluded from 
subsequent analysis. Gray squirrels tended to consume American and BC3F2 chestnut 






red oak were consumed and cached in roughly equal proportions (Table 4.5). Multiple 
pairwise comparisons following permutation-based χ2 tests revealed two significant 
differences related to caching and seven related to seed movement (Table 4.6). White 
oak and chestnut oak were marginally more likely to be cached than American 
chestnut, and more red oak and shagbark hickory were not recovered and presumed 
taken outside the search area than American chestnut, BC3F2 chestnut, black oak, and 
chestnut oak.  
4.5 Discussion 
Dalgleish and Swihart (2012) hypothesized that if granivores prefer to eat chestnut, 
restoration efforts could be hindered because dispersal of chestnut would be less 
effective, and spread from reintroduction sites would be slowed. My results revealed 
that the primarily larder-hoarding rodents I tested (i.e., mice, chipmunks, flying 
squirrels) do prefer American chestnut seeds over some other larger, tougher sources 
of mast, whereas the scatter-hoarding rodents I tested (i.e., fox squirrels, gray 
squirrels) prefer these seed types to chestnut, but did not ignore chestnut. Both groups 
revealed a general tendency to consume a higher proportion of chestnut than other 
seed types. However, in some cases, rodents treated BC3F2 chestnuts differently than 
pure American chestnuts, indicating that there are functional differences between 
pure and hybrid chestnut seeds, despite their genetic similarities. 
Seed traits likely played an important role in the observed preferences of 
rodent species tested. Seed size and coat hardness may have been influential factors 
for mice. Black oak, the smallest of the seeds presented, was more likely to be 






in this preference for black oak. American chestnut is also relatively small and was 
preferred over the larger chestnut oak and white oak. BC3F2 seeds vary in size but 
tended to be larger on average than American chestnut in my trials; preferences 
among BC3F2 chestnut, chestnut oak, and white oak did not differ. Seeds that mice 
typically avoided, such as walnuts and hickories, were probably ignored because 
small-bodied mice are not well-equipped to handle seeds with thick, tough shells 
(Ivan and Swihart 2000, Munoz and Bonal 2008). At least, mice were unwilling to 
invest effort in these seeds when more easily handled alternatives were available. 
Black walnuts were by far the largest and toughest seeds presented and were 
apparently unmanageable for mice, as they were never selected. Flying squirrels also 
showed strong avoidance of black walnut and chestnut oak, the largest seeds in the 
choice set, suggesting that seed size may affect flying squirrel preferences as well. 
Chipmunks followed a somewhat similar pattern, showing a strong, consistent 
preference for black oak and consistently avoiding black walnut. 
For mice, preference was correlated with a tendency to consumer rather than 
cache seeds. Mice typically “cached” seeds just under the top layer of leaf litter, so 
these seeds may be less likely to survive and germinate than seeds cached in the soil 
(as squirrels tended to do), since seeds cached in this manner germinate at a higher 
rate than seeds left on the litter surface (Zwolak and Crone 2012). They may also 
have taken seeds into their burrows for consumption or caching (Mumford and 
Whitaker 1982), making tags unavailable for recovery.  If so, applying my detection 






For scatter-hoarding tree squirrels, my preference results were reasonably 
consistent with previous work that has demonstrated the importance of seed 
perishability to foragers (i.e., delayed germination during the dormant period 
allowing for longer storage; Smallwood et al. 2001). Gray squirrels showed strong 
preference for black walnut and the hickories. However, they also showed a 
preference for chestnut oak over other oak species and tended to cache chestnut oak 
and white oak (Table 4.5). This was unexpected, given that seeds in the white oak 
group were the most perishable of seeds presented, as they typically germinate 
immediately (Steele et al. 2005). Others have reported that squirrels may excise acorn 
embryos before burying them to prevent germination (Fox 1982), but I did not 
evaluate embryo excision as part of this study. Alternatively, since tag searches were 
conducted immediately following trials, these may have been short-term caches that 
squirrels did not have an opportunity to exploit. Lower preference for red oak and 
black oak might also be explained by their higher tannin concentrations (Barthelmess 
2001). However, low-tannin chestnut seeds, which tended to be consumed, were as 
likely as or less likely to be selected than these seed types. Because measures of 
heterogeneity of preferences were not possible for gray squirrels, I do not recommend 
generalizing from these results. 
Preferences of fox squirrels also may have been related to size and 
perishability of seeds. Even with a relatively large data set, fox squirrels showed only 
moderate preferences and high variation both within and among stations. Fox 
squirrels showed marginally higher preference for larger, less perishable seeds (black 






of caching were higher for black walnut, hickories, and red oak than for white oaks 
and chestnuts. I assume that most black walnut were carried outside the search area 
(and many likely cached), since only one seed was recovered. Seed types with higher 
proportions consumed are low in tannin and require less handling time (Sundaram 
and Swihart, unpubl. data). Chestnut seed is considered “moderately perishable” 
(germinates in 28-42 days [Young and Young 1992]), less so than white oak acorns, 
but more so than red oak acorns (30-90 days). High levels of consumption for all seed 
types were likely due to the fact that trials visited by fox squirrels were conducted in 
early spring, when cached resources had probably been reduced and squirrels 
(especially females) required additional energy for breeding (Bronson 1989). Also, 
most over-wintered seeds are germinating in the spring, so the default behavior of 
most squirrels may be to consume presented seeds immediately, as they do with the 
majority of white oak seeds in the fall (Steele et al. 2001). 
Mice and flying squirrels were as likely to select BC3F2 as American chestnut, 
but my data were not sufficient to evaluate whether these seed types are ultimately 
treated differently by these species. Chipmunks, on the other hand, avoided BC3F2 
chestnut and were significantly more likely to select American chestnut. For both tree 
squirrel species, American chestnut was as likely to be selected as any oak species 
and was more likely than other seed types to be consumed following selection. 
However, gray squirrels showed strong avoidance of BC3F2 chestnut, and fox 
squirrels were less likely to select BC3F2 chestnut than their most preferred seeds, 
although this was not the case with American chestnut. Furthermore, BC3F2 seeds 






squirrels more frequently than American chestnut. In fact, BC3F2 seeds were moved 
>30 m at the same relative frequency as hickories, and disproportionately more than 
red oak and black oak (Table 4.6). The mechanisms behind these differences are 
unclear and require further study. Nonetheless, my results suggest that squirrels may 
tend to move BC3Fx seeds farther from parent trees than they move pure American 
chestnut. This increased dispersal distance could indicate that a seed is more likely to 
be cached, if distant-dependent caching behavior remains constant beyond 30 m 
(Figure 1). Future studies need to identify seed traits (and genes that determine seed 
traits) that influence preference and fate for BC3Fx seeds, particularly those associated 
with dispersal distance and caching behavior. As chestnut restoration efforts continue, 
breeders should begin to select blight-resistant chestnuts with functional traits more 
similar to those of pure American chestnut. 
Our results indicate that rodents may hinder chestnut restoration efforts by 
limiting recruitment of chestnut into plant populations through preferential 
consumption of seeds. Furthermore, a negative feedback loop may ensue if chestnut 
regularly becomes widely available and rodent populations increase, putting even 
more pressure on the seed crop. Despite these challenges, the natural spread of 
chestnut from restoration plantings will ultimately be needed to distribute the plant 
across the landscape. The tendency of scatter-hoarding rodents to move BC3Fx seeds 
greater distances before caching may aid restoration efforts, as seeds dispersed farther 
may experience reduced probability of density-dependent predation and seedling 
competition (Janzen 1970). However, more information is needed to determine 






(Zwolak and Crone 2012), as seed preferences and dispersal distances are only pieces 
of a more complex picture. For example, one important factor will be the relative 
abundances of different seed consumers and the proportion of the chestnut crop that is 
consumed by each, including granivorous birds and larger consumers such as white-
tailed deer. Also, the availability of other mast-producing species, in terms of relative 
abundance on the landscape and temporal variation in masting patterns, will be 
important if frequency-dependent selection (Greenwood 1985) is occurring (see 
Chapter 2). General tendencies to consume chestnut may promote the caching and 
establishment of other species, such as red oaks, hickories, and walnuts (Lichti et al., 
in press). 
Future studies will be critical in identifying mechanisms behind the patterns I 
observed and in expanding my results. Detailed analysis of seed traits, including 
morphology and chemistry, may reveal the factors driving the patterns I observed 
(Sundaram and Swihart, unpubl. data). In addition, expansion of the search area could 
provide greater insight into foraging decisions related to seeds such as walnuts and 
hickories (Steele and Smallwood 2002) and possibly BC3Fx seeds. I did not mark 
animals to monitor competition at seed trays (Schmidt and Ostfeld 2008), an element 
that contributes to the social context in which foraging decisions are made (Leaver et 
al. 2007). Moreover, I did not explicitly account for the potential influence of ambient 
mast availability on selection during my trials, although the hierarchical analysis did 
account for potential autocorrelation due to differences in mast conditions at stations 
(Richardson et al. 2013). Incorporating marking and ambient resource availability 






behavior that in my study were relegated to random effects. Future studies should also 
consider preferences of granivorous birds, such as blue jays (Cyanocitta cristata) and 
red-bellied woodpeckers (Melanerpes carolinus), for chestnut relative to other seed 
types. Birds can disperse seeds great distances (>1 km; Johnson and Webb 1989), and 
their tendencies to collect, consume, and cache chestnut seeds likely will be important 
in a restoration context. Finally, more data are needed on predation of chestnut seeds 
and seedlings by larger consumers, such as wild turkey (Meleagris gallopavo) and 
white-tailed deer (Odocoileus virginianus). 
The restoration of a hybrid chestnut to eastern US landscapes is anticipated to 
increase carrying capacity and decrease fluctuations in consumer populations 
(Dalgleish and Swihart 2012), but the possible secondary effects of such changes 
remain uncertain (e.g., increases in Lyme disease prevalence; Ostfeld et al. 2006). 
Chestnut has the potential to once again become widely available (it comprised 25-50% 
of the forest canopy in the center of its native range; Braun 1950), although this long-
term achievement admittedly faces a variety of difficult challenges (Jacobs 2007). My 
work emphasizes the importance of understanding ecological constraints in future 
efforts to reestablish this species on the landscape, while highlighting situations in 







Table 4.1 Number of selections of each seed type, number of stations where selections were made, and number of successful trials for 






Species Year Stations Trials IGN AMC BC3 BLO BLW CHO NRO PIH SHH WHO Total 
White-footed mice             
 2011 19/30 39/90 80 123 NA 61 0 NA 26 20 57 26 393 
 2012 5/5 11/20 51 1 5 16 0 2 16 NA 1 6 98 
Eastern chipmunks             
 2011 2/30 2/90 0 16 NA 7 0 NA 1 17 17 14 72 
 2012 3/5 6/20 11 14 8 10 3 NA 6 5 8 NA 65 
Southern flying squirrels             
 2011 8/30 11/90 16 28 NA 9 1 NA 15 31 12 26 138 
 2012 2/5 4/20 3 4 3 3 0 0 4 NA 5 1 23 
Fox squirrels               
 2011 0/30 0/90 0 0 0 0 0 0 0 0 0 0 0 
 2012 0/5 0/20 0 0 0 0 0 0 0 0 0 0 0 
 2013 4/5 7/15 8 35 33 30 35 30 34 35 31 29 300 
Gray squirrels              
 2011 0/30 0/90 0 0 0 0 0 0 0 0 0 0 0 
 2012 0/5 0/20 0 0 0 0 0 0 0 0 0 0 0 
 2013 1/5 1/15 3 5 4 5 5 5 5 5 5 5 47 
1
IGN = Ignore, AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, BLW = black walnut, CHO = chestnut oak, NRO = northern 






Table 4.2 Parameter estimates derived from posterior distributions for mixed-effects 
models of seed preferences for five species, including overall mean preference (η), 
within-station standard deviation (σβ
2
), and among-station standard deviation (σµ
2
). 
The fraction of the posterior distribution greater than zero, P(>0), is given for η. For 
eastern gray squirrels, a mixed-effects model was not possible because only one trial 
yielded data; therefore, parameter estimates for strength of preference in that trial (βts) 
are given for each seed type. The option to ignore all seeds served as the baseline (η = 
0) for parameter values in all models, so positive and negative coefficients signify 
preference or avoidance, respectively, relative to ignoring all seeds in a choice set. 
Species Seed Type
1 
Parameter Mean SD P(>0) 
White-footed mice AMC 
    
 








 7.15 2.01  
 
BC3 
    
  








 5.81 2.63  
 
BLO 
    
  








 1.32 1.10  
 
BLW 
    
  








 5.18 2.76  
 
CHO 
    
  















Table 4.2 continued 
 
NRO 
    
  








 1.27 1.29  
 
PIH 
    
  








 5.61 2.65  
 
SHH 
    
  








 8.02 1.59  
 
WHO 
    
  








 2.86 2.19  
Eastern chipmunks AMC 
    
 








 5.63 2.63  
 
BC3 
    
  








 4.44 2.90  
 
BLO 
    
  








 4.26 2.82  
 
BLW 
    
  








 4.45 2.87  
 
NRO 
    
  















Table 4.2 continued 
 
PIH 
    
  








 6.16 2.64  
 
SHH 
    
  








 5.10 2.78  
 
WHO 
    
  








 4.91 2.87  
Southern flying squirrels AMC 
    
 








 3.33 2.65  
 
BC3 
    
  








 5.18 2.84  
 
BLO 
    
  








 5.14 2.80  
 
BLW 
    
  








 5.17 2.85  
 
CHO 
    
  








 5.00 2.86  
 
NRO 
    
  















Table 4.2 continued 
 
PIH 
    
  








 5.17 2.80  
 
SHH 
    
  








 4.01 2.77  
 
WHO 
    
  








 4.48 2.73  
Fox squirrels AMC 
    
 








 3.44 2.71  
 
BC3 
    
  








 3.36 2.74  
 
BLO 
    
  








 3.56 2.76  
 
BLW 
    
  








 4.57 2.67  
 
CHO 
    
  








 3.21 2.70  
 
NRO 
    
  















Table 4.2 continued 
 
PIH 
    
  








 3.98 2.74  
 
SHH 
    
  








 3.38 2.75  
 
WHO 
    
  








 4.21 2.83  
Eastern gray squirrels AMC 
    
 
βts 0.91 0.92 0.83 
BC3 
    
  
βts -0.44 0.84 0.30 
 
BLO 
    
  
βts 1.11 0.99 0.87 
 
BLW 
    
  
Βts 5.03 1.19 1.00 
 
CHO 
    
  
βts 2.95 1.08 1.00 
 
NRO 
    
  
βts 0.78 0.95 0.80 
 
PIH 
    
  
βts 4.55 1.15 1.00 
 
SHH 
    
  
βts 3.75 1.13 1.00 
 
WHO 
    
  
βts 1.37 0.98 0.93 
1
AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, BLW = black 
walnut, CHO = chestnut oak, NRO = northern red oak, PIH = pignut hickory, SHH = shagbark hickory, 







Table 4.3 Measures of model performance for mixed-effects discrete choice models, 
including posterior predictive p-values (PB), the mean proportion of observations 
correctly predicted by fitted models (CP), and the percent improvement in CP scores 
for the fitted model relative to the null model, which assumes that selection is 
proportional to availability. 
Species PB CP Improvement 
White-footed mice 0.32 0.45 316% 
Eastern chipmunks 0.23 0.45 227% 
Southern flying squirrels 0.12 0.29 139% 








Table 4.4 Fraction of posterior distribution (P(>0)
1
) more extreme than zero 
associated with derived parameters for ηk – ηj (above the diagonal) and the probability 
of selecting k (rows) when presented 1:1 with j (columns; below the diagonal). 
Significantly different comparisons (based on values above the diagonal) are bolded 
(P(>0) > 0.95) or italicized (P(>0) ≥ 0.9). Pairwise comparisons between seed types 
that were not presented with each other were omitted from consideration. 
Species
 
           






IGN AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
IGN - 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
AMC 0.25 - 0.83 0.24 1.00 0.98 0.81 0.99 0.99 0.90 
BC3 0.12 0.36 - 0.07 1.00 0.83 0.31 - 0.79 0.42 
BLO 0.14 0.54 0.73 - 1.00 1.00 0.99 1.00 1.00 1.00 
BLW 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 
CHO 0.03 0.23 0.35 0.12 0.99 - 0.04 - 0.36 0.08 
NRO 0.06 0.39 0.57 0.28 1.00 0.75 - 0.97 0.98 0.74 
PIH 0.07 0.30 - 0.23 1.00 - 0.38 - 0.56 0.09 
SHH 0.11 0.29 0.40 0.21 1.00 0.54 0.33 0.45 - 0.06 




           
 IGN AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
IGN - 0.01 0.72 0.05 1.00 - 0.28 0.12 0.16 0.15 
AMC 0.86 - 0.99 0.79 1.00 - 0.92 0.85 0.91 0.68 
BC3 0.37 0.12 - 0.05 0.89 - 0.20 0.09 0.13 - 
BLO 0.82 0.39 0.84 - 1.00 - 0.76 0.60 0.71 0.46 
BLW 0.06 0.03 0.20 0.03 - - 0.01 0.00 0.00 0.01 
NRO 0.63 0.33 0.72 0.35 0.90 - - 0.33 0.43 0.29 
PIH 0.66 0.23 0.70 0.43 0.87 - 0.53 - 0.62 0.41 
SHH 0.66 0.23 0.70 0.41 0.94 - 0.50 0.49 - 0.33 












           
 IGN AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
IGN - 0.88 0.87 0.98 1.00 1.00 0.99 0.68 1.00 0.97 
AMC 0.35 - 0.71 0.82 1.00 1.00 0.84 0.37 0.88 0.76 
BC3 0.25 0.38 - 0.51 0.96 0.99 0.50 - 0.56 0.45 
BLO 0.22 0.33 0.49 - 1.00 0.99 0.49 0.14 0.57 0.41 
BLW 0.01 0.05 0.15 0.11 - 0.92 0.00 0.00 0.01 0.00 
CHO 0.00 0.01 0.03 0.02 0.10 - 0.01 - 0.01 0.00 
NRO 0.20 0.35 0.51 0.54 0.91 0.98 - 0.12 0.59 0.42 
PIH 0.43 0.54 - 0.68 0.94 - 0.68 - 0.91 0.82 
SHH 0.19 0.32 0.48 0.51 0.89 0.98 0.46 0.30 - 0.34 
WHO 0.25 0.38 0.52 0.56 0.91 0.98 0.54 0.38 0.58 - 
Fox 
squirrels 
           
 IGN AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
IGN - 0.04 0.09 0.03 0.00 0.08 0.00 0.00 0.01 0.05 
AMC 0.85 - 0.70 0.45 0.16 0.68 0.20 0.18 0.28 0.51 
BC3 0.78 0.34 - 0.25 0.06 0.47 0.08 0.07 0.13 0.31 
BLO 0.87 0.54 0.68 - 0.19 0.72 0.24 0.21 0.33 0.57 
BLW 0.96 0.73 0.88 0.74 - 0.93 0.58 0.55 0.69 0.84 
CHO 0.77 0.39 0.50 0.31 0.13 - 0.08 0.08 0.13 0.34 
NRO 0.96 0.69 0.83 0.69 0.42 0.87 - 0.46 0.62 0.80 
PIH 0.97 0.72 0.87 0.71 0.45 0.87 0.55 - 0.65 0.82 
SHH 0.95 0.64 0.78 0.65 0.36 0.82 0.44 0.39 - 0.72 











           
 IGN AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
IGN - 0.17 0.70 0.13 0.00 0.00 0.20 0.00 0.00 0.07 
AMC 0.68 - 0.96 0.39 0.00 0.01 0.59 0.00 0.00 0.26 
BC3 0.41 0.23 - 0.03 0.00 0.00 0.06 0.00 0.00 0.01 
BLO 0.72 0.54 0.80 - 0.00 0.01 0.68 0.00 0.00 0.35 
BLW 0.99 0.98 0.99 0.97 - 1.00 1.00 0.76 0.96 1.00 
CHO 0.92 0.86 0.95 0.84 0.14 - 1.00 0.02 0.14 0.98 
NRO 0.66 0.47 0.75 0.43 0.02 0.13 - 0.00 0.00 0.20 
PIH 0.98 0.96 0.99 0.96 0.39 0.81 0.97 - 0.87 1.00 
SHH 0.96 0.92 0.98 0.91 0.24 0.67 0.93 0.33 - 1.00 
WHO 0.76 0.60 0.83 0.56 0.04 0.20 0.63 0.05 0.11 - 
1
Note that P(<0) = 1 – P(>0) 
2
IGN = Ignore, AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, 
BLW = black walnut, CHO = chestnut oak, NRO = northern red oak, PIH = pignut hickory, SHH = 






Table 4.5 Fates of nine seed types handled by three species in seed preference trials, including the number of tagged seeds taken for 
which a search was conducted, the number of seeds that were recovered, the raw number of recovered seeds that were consumed and 
cached, the estimated number within the search area consumed and cached after correction for tag detectability, and the estimated 
number of seeds likely taken outside the search area. Recovery rates (Recovered/Taken), raw proportions consumed and cached, 
corrected proportions consumed and cached, and the estimated proportion taken outside the search area (Est. outside search 
area/Taken) are also presented for simpler interpretation of comparisons across seed types. Data are not shown for southern flying 





White-footed mice  Seed Type
1
 
  AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
 Taken 22 2 11 0 2 18 4 3 9 
Recovered 11 0 5 - 1 10 2 1 6 
Recovery rate 0.50 0.00 0.46 - 0.50 0.56 0.50 0.33 0.67 
Consumed 8  - 5  - 1  5  0  0  5  
Raw prop. consumed 0.73 - 1.00 - 1.00 0.50 0.00 0.00 0.83 
Estimated consumed 8  - 5  - 1  5  0  0  5  
Est. prop. consumed 0.73 - 1.00 - 1.00 0.50 0.00 0.00 0.83 






Table 4.5 continued 
 
Raw prop. cached 0.27 - 0.00 - 0.00 0.50 1.00 1.00 0.17 
Estimated cached 3  - 0  - 0  5  2  1  1  
Est. prop. cached 0.27 - 0.00 - 0.00 0.50 1.00 1.00 0.17 
Est. outside search area 11  - 6  - 1  7 2  2  3  
Est. prop. outside 0.50 - 0.55 - 0.50 0.39 0.50 0.67 0.33 
Fox squirrels           
 AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
Taken 219 124 130 142 117 208 142 137 212 
Recovered 150 55 82 1 51 122 54 54 146 
Recovery rate 0.68 0.44 0.63 0.01 0.44 0.59 0.38 0.39 0.69 
Consumed 142 52 72 0 49 101 38 44 137 
Raw prop. consumed 0.95 0.95 0.88 0.00 0.96 0.83 0.70 0.81 0.94 
Estimated consumed 148 56 75 0 52 106 42 49 142 
Est. prop. consumed 0.94 0.93 0.86 0.00 0.96 0.82 0.70 0.82 0.93 
Cached 8 3 10 1 2 21 16 10 9 
Raw prop. cached 0.05 0.05 0.12 1.00 0.04 0.17 0.30 0.19 0.06 
Estimated cached 9 4 12 1 2 23 18 11 10 
Est. prop. cached 0.06 0.07 0.14 1.00 0.04 0.18 0.30 0.18 0.07 
Est. outside search area 63 65 43 141 63 78 82 77 61 






Table 4.5 continued 
Gray squirrels           
 AMC BC3 BLO BLW CHO NRO PIH SHH WHO 
Taken 20 4 7 5 5 25 11 11 17 
Recovered 16  4  7  0  4  7  6  3  10  
Recovery rate 0.80 1.00 1.00 0.00 0.80 0.28 0.55 0.27 0.59 
Consumed 12  3  3  - 0  3  2  0  2  
Raw prop. consumed 0.75 0.75 0.43 - 0.00 0.43 0.33 0.00 0.20 
Estimated consumed 12  3 3  - 0  3  2  0  2  
Est. prop. consumed 0.75 0.75 0.43 - 0.00 0.43 0.29 0.00 0.20 
Cached 4  1  4  - 4  4  4  3  8  
Raw prop. cached 0.25 0.25 0.57 - 1.00 0.57 0.67 1.00 0.80 
Estimated cached 4  1  4  - 5  4  5  4  8  
Est. prop. cached 0.25 0.25 0.57 - 1.00 0.57 0.71 1.00 0.80 
Est. outside search area 3  0 0  - 0  18  4  7  7  
Est. prop. outside 0.15 0.00 0.00 - 0.00 0.72 0.36 0.64 0.41 
1
AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, BLW = black walnut, CHO = chestnut oak, NRO = northern red oak, PIH = 








Table 4.6 Pairwise tests of homogeneity for estimated proportions cached (below the 
diagonal) and proportions taken outside the search area (above the diagonal) of each seed 
type by fox squirrels and gray squirrels, corrected for tag detectability (see Table 5). In 
each cell, the top number represents the proportion associated with the seed type listed in 
the top row of the table, and the bottom number represents the seed type listed in the left 
column. Results of χ2 test for differences in proportions with multiple pairwise 
comparisons corrected for false discovery rate are highlighted. Tests involving zeroes for 
both seed types in a pair were omitted. Significant differences are bolded (p < 0.05) or 





















































































































































         


























































































































AMC = pure American chestnut, BC3 = BC3F2 hybrid chestnut, BLO = black oak, BLW = black walnut, 










Figure 4.1 Probability that a recovered seed was cached as a function of distance from 
seed origin and seed type, extrapolated to 80 m. The vertical line represents the limit of 
the 30-m radius search area. Seeds with a significant effect of seed type on probability of 
being cached are distinguished (βNRO = 0.74, p = 0.05; βPIH = 1.04, p = 0.01). 
 






































CHAPTER 5.  PATTERNS OF FREQUENCY-DEPENDENT SEED SELECTION BY 
FOX SQUIRRELS 
5.1 Abstract 
Restoration of the functionally extirpated American chestnut (Castanea dentata) to 
eastern landscapes is planned with the successful cultivation of a blight-resistant hybrid 
tree. Predicting the response of rodent seed consumers to this novel source of mast will 
be critical to restoration success, as rodents are important seed predators and dispersers in 
forests that once included chestnut. In particular, frequency-dependent foraging responses 
by rodents could affect the rate of spread of rare chestnuts following reintroductions. I 
conducted seed preference trials to test for frequency-dependent selection by fox squirrels 
(Sciurus niger) when combinations of American chestnut, northern red oak, and white 
oak were available in varying frequencies. Fox squirrels showed evidence of positive 
frequency-dependent selection when combinations of white oak and chestnuts were 
available, removing more common mast items at a higher rate than expected based on 
availability. Selection was frequency independent when red oak and white oak were 
presented together, with a consistent preference for red oak across all seed ratios 
presented. Frequency-dependent consumption of more common white oak acorns could 
benefit rarer syntopic chestnut during restoration. However, larger-scale and longer-term 








patterns are needed before making recommendations for restoration based on the context 
of the surrounding forest. 
5.2 Introduction 
The American chestnut (Castanea dentata) once was a foundation species in much of the 
eastern deciduous forest, defining the architecture and ecological function of these 
systems (Ellison et al. 2005). As a result of the human-mediated introduction of the 
fungal pathogen chestnut blight (Cryphonectria parasitica), the American chestnut was 
functionally extirpated, and ecosystem processes and structure of eastern deciduous 
forests were greatly altered. Oaks (Quercus) were most successful at replacing chestnut 
in the canopy (Keever 1953, Woods and Shanks 1959), and a broad array of wildlife 
species became increasingly reliant on energy-rich acorns (McShea and Healy 2002). 
Due to its importance ecologically, economically, and culturally, The American Chestnut 
Foundation (TACF) began an intensive research and breeding program to develop a 
blight-resistant American chestnut with the goal of restoring chestnut to eastern forests. 
Blight-resistant cultivars are in the final stages of plantation evaluation with test plantings 
underway (Clark et al. 2011, Jacobs et al. 2013). 
Seed predation by wild vertebrates can have profound impacts on the composition 
of tree species within forest ecosystems and is an important component limiting 
recruitment into plant populations generally (Janzen 1971). Granivorous rodents in 
particular are important seed predators and dispersers in forests that once included 
chestnut (Steele and Smallwood 2002). 
The selection of seeds by consumers often depends on their frequencies relative to 







items are consumed at disproportionately high rates in positive (or negative) frequency-
dependent selection (Greenwood 1985). Consumption of more common mast items 
(positive frequency-dependent selection) such as oaks could reduce the loss of chestnuts 
to predation and promote the expansion of rare chestnuts following initial introductions. 
Alternatively, preferential consumption of novel chestnuts (negative frequency-dependent 
selection) could hinder restoration by slowing the rate of chestnut expansion and 
establishment from introduction sites. Therefore, frequency-dependent seed selection by 
rodents is one element that may have important implications for either promoting or 
limiting the expansion of blight-resistant chestnuts from reintroduction sites. 
Preliminary evidence from discrete choice modeling of seed preferences suggests 
that under conditions of equal availability of seed types, fox squirrels (Sciurus niger), a 
common scatter-hoarder in Indiana, show no strong preferences when selecting among 
American chestnuts, northern red oak (Q. rubra), and white oak (Q. alba; see chapter 4). 
However, following selection fox squirrels were more likely to immediately consume 
American chestnut than northern red oak. Unfortunately, these results do not address 
whether discernible preferences exist when the frequencies of each seed type vary, as is 
likely during the early stages of restoration (Jacobs 2007). 
Given the lack of information on how scatter-hoarders may respond to the 
establishment of rare blight-resistant chestnuts, I conducted a series of field trials with 
fox squirrels to achieve the following goals: 1) assess whether fox squirrel preferences 
for chestnut change under varying frequencies, and 2) evaluate whether seed selection 
patterns of this common granivore may facilitate or hinder reintroduction of chestnut in 








I conducted field trials in a mature second-growth hardwood forest in central Tippecanoe 
County, Indiana. I established 5 feeding stations (50-60 m apart) throughout forested 
habitat, placing a tray at each station. Trays were constructed from plywood boards (0.6 
m x 0.6 m x 2.5 cm) with wells for individual seeds (1.3 cm in depth, spaced 2.5 cm 
apart). I passively monitored seed trays with motion-sensitive cameras (PC900 HyperFire 
Professional, Reconyx, Inc., Holmen, WI). Before beginning feeding trials, I pre-baited 
stations for 2-10 days with sunflower seeds to attract squirrels and allow them to 
habituate to seed trays. 
I conducted frequency-dependence trials with pure American chestnut, northern 
red oak, and white oak. Red oak served as a representative of the red oak group (sect. 
Lobatae) and white oak as a representative of the white oak group (sect. Quercus). I 
acquired acorns from a commercial vendor (F.W. Schumaker Co., Sandwich, MA), and 
harvested chestnut from orchard trees found throughout Indiana. All seeds presented in 
trials were screened for weevil infestation or other defects and preserved in cold storage 
(4°C) until use. 
Because the ultimate fate of seeds depends on use following selection (Hoshizaki 
and Hulme 2002), I collected data on fate of each seed (predation or caching) in my trials 
using a tagging method similar to that of Xiao et al. (2010). I drilled a 2 mm diameter 
hole through each seed near the basal end and inserted a 10 cm section of 26-gauge floral 
wire. The wire was then twisted to secure it to the seed. On the other end of the wire, I 
fastened a 5 cm neon-colored tag made of masking or duct tape labeled with seed type, 







To begin each trial, I evenly spaced 10 seeds on a tray. I presented two seed types 
simultaneously (red oak : chestnut , white oak : chestnut, and red oak : white oak) in 
ratios of 1:9, 3:7, 5:5, 7:3, and 9:1, for a total of 15 possible seed type-ratio combinations. 
Combinations were ordered randomly and rotated throughout each of the five stations. At 
the conclusion of a trial, I visited stations and recorded the identity and placement of 
seeds remaining on the tray and collected photos that had been recorded as squirrels 
removed seeds during the trial. Trial setup began at sunrise, and stations were closed 
before dark. I initiated trials in fall 2012, but squirrels did not visit any stations; therefore, 
trials were repeated in early spring 2013. Each seed type-ratio combination was presented 
in a successful trial at least twice. 
Following each trial, I searched for tags around stations to determine fate of each 
seed. One person searched a circular area with a 30 m radius (~2800 m
2
) surrounding 
each station for a maximum of 0.5 hour, or until all seeds missing from the station had 
been relocated. Brightly colored tags were easily visible among the leaf litter and 
herbaceous layer on the forest floor. A seed was recorded as eaten or partially eaten if 
only its tag was recovered or if bits of shell or nutmeat were still attached, or cached if 
the seed was buried intact in the soil or under the leaf litter. I calculated proportions 
cached and consumed for each seed type. 
To test for frequency-dependent selection among combinations of American 
chestnut, northern red oak, and white oak, I used an adaptation of the model proposed in 
Greenwood and Elton (1979): 
 1 2 1 2
b







Here, e1/e2 represents the ratio of the first seed type to the second seed type taken during 
a trial, and A1/A2 represents the ratio available at the beginning of a trial. Log-log 
regression is used to compute values of b and V. If b = 1, then selection is frequency 
independent, meaning that seed types are taken proportional to their availability. If b is 
significantly >1 or <1, then positive or negative frequency-dependent selection, 
respectively, is occurring. V >1 gives a measure of preference for either seed type (in my 
case, seed type 1; Celis-Diez et al. 2005). 
For my trials, photographs allowed an observational record of the choice set at 
each seed selection event within a trial. Accordingly, I used a selection event (as opposed 
to a trial; Hulme and Hunt 1999) for my sampling unit; I omitted “selections” with only 1 
seed type from which to choose from the data set. Each selection event was a Bernoulli 
trial with either selection of seed type 1 or selection of seed type 2 as outcomes. I 
assigned a small value (0.01) for e2 when seed type 1 was selected (e1 = 1), or vice versa, 
and conducted log-log regression with A1/A2 given by the exact choice set available at the 
time of each selection event. This regression provided crude estimates for b and V but 
was inappropriate for formal inference because of its reliance on ad hoc corrections and 
the limitations associated with using linear regression to fit responses consisting solely of 
“extreme” values for e1/e2. Instead, I used the estimates of b and V derived from the log-
log regression as starting values to fit a nonlinear regression in R 2.11.0 (nls; R 
Development Core Team, 2010) of the form  
p = (V A1/A2)
b
 / (1 + (V A1/A2)
b
), 
where p is the probability that seed type 1 was taken (Greenwood and Elton 1979). I then 







using t tests. Because some level of temporal dependence was likely within trials 
(Greenwood and Elton 1979, Hughes 1979), I conducted tests using two different 
methods to compute degrees of freedom. First, I used two less than the number of 
selection events as my degrees of freedom, which is appropriate if selections are 
independent. I also used two less than the number of trials for degrees of freedom, which 
is appropriate if all selections within a trial are perfectly autocorrelated. The former 
approach is likely too liberal, whereas the latter approach is likely too conservative; the 
appropriate degrees of freedom for my test are thus bounded by these two methods.  
5.4 Results 
We successfully observed fox squirrels in a total of 30 frequency-dependence trials (10 
red oak : white oak, 11 red oak : chestnut, and 9 white oak : chestnut), yielding a total of 
185 individual selections (57 red oak : white oak, 59 red oak : chestnut, and 69 white oak : 
chestnut). Based on photo time stamps, selection events occurred continuously during 
foraging bouts that lasted 26 ± 11 min, suggesting that each trial consisted of a single 
animal making multiple selections. 
A measure of positive frequency dependence (b >1) was significant at the 0.1 
level for the combination of white oak and chestnut using liberal degrees of freedom (b = 
2.42, t = 1.73, d.f. = 67, P = 0.09), and approached significance using conservative 
degrees of freedom (d.f. = 7, P = 0.13; Table 5.1). No evidence of frequency dependence 
was found for combinations of red oak and chestnut or red oak and white oak, although in 
the latter case a preference for red oak over white oak was present (V = 2.18, t = 2.05, d.f. 







I searched for a total of 215 tagged seeds taken during frequency-dependence 
trials (70 chestnut, 68 red oak, 77 white oak) and recovered a total of 181 tags (94% of 
chestnut, 75% of red oak, 83% of white oak). Only 4 of 181 seeds recovered (2%) were 
cached (1 chestnut, 2 red oak, 1 white oak), and the rest (98%) were consumed. Therefore, 
not enough seeds were cached to allow inferences about how squirrel tendencies to 
consume or cache might change with frequency of the seed types I tested. 
5.5 Discussion 
My results suggest that selection of seeds by fox squirrels when chestnut is present is 
influenced by the relative frequency of the available types. Specifically, I found evidence 
that positive frequency-dependent selection occurred when chestnut was presented with 
white oak, with the more common seed type being taken at a higher rate than expected. 
When red oak and white oak were presented together, selection was independent of 
frequency, and red oak was preferred regardless of relative abundance.  
High levels of consumption for all seed types were likely due to the fact that trials 
were conducted in early spring, when cached resources had probably been reduced, 
squirrels (especially females) required additional energy for breeding (Bronson 1989), 
and the need for stored food over the growing season was low. Also, most over-wintered 
seeds are germinating in the spring, so the default behavior of most squirrels may be to 
consume presented seeds immediately, as they do with the majority of white oak seeds in 
the fall (Steele et al. 2001). Thus, interpretation of the positive frequency-dependent 
selection I observed is linked to the fact that almost all seeds selected were consumed, 
rather than cached. Further studies taking place during the fall are needed, when squirrels 







Understanding the role of alternative seed resources can inform chestnut 
restoration efforts. If most seeds are consumed (Hoshizaki and Hulme 2002), my results 
indicate that the loss of chestnut seeds to predation may be dampened if chestnut is 
introduced sparsely throughout oak stands, particularly white oak stands. Of course the 
outcome of such a management strategy is dependent on consumer use of seeds following 
selection, as this recommendation is dependent on the fact that selection almost always 
led to consumption in my trials. Others have found that squirrels continue to cache seeds 
even after satiation from consumption (Jansen et al. 2004) in high mast years, so if 
positive frequency-dependent consumption of white oak is occurring, then rare chestnut 
may have a better chance of being cached under conditions of high white oak availability. 
I were unable to resolve how the scatter-hoarder decision process to eat or cache a seed 
may have been affected by frequency of available seed types. If the decision process is 
unaffected, then this scenario could benefit chestnut dispersal. Lichti et al. (in press) 
found that chestnut experienced higher dispersal effectiveness by rodents when paired 
with white oak rather than red oak, even though white oak experienced higher removal 
rates when presented in equal numbers. The implication of their result is that regeneration 
of white oak, a species which is in decline (Abrams 2003), may decline further if chestnut 
is introduced sparsely in white oak stands, a potential consequence that requires further 
study. Fox squirrel preference for red oak over white oak may allow more white oak 
seeds to escape predation, but may lead to the establishment of more red oaks, since they 
are preferentially cached (Smallwood et al. 2001).  
An additional factor requiring further consideration is the pulsed nature of oak 








2012). A year of oak mast failure may create a situation in which chestnuts are the most 
common mast item available, leading to an over-representation of chestnuts in consumer 
diets relative to its abundance. Therefore, at the scale of a seed consumer’s home range, 
positive frequency-dependent selection may lead to different outcomes for chestnut 
restoration plantings in different years. Collectively, seed fate (depending on the season), 
the ultimate fate of cached seeds (recovery or germination and seedling establishment), 
and masting patterns of oaks will be important in determining whether positive 
frequency-dependent selection has a positive or negative effect on efforts to restore 
chestnut. 
We tested for frequency-dependent seed selection at a small scale in terms of both 
space and time, so caution is warranted in extrapolating my results to predict large-scale 
effects, given the complexities of plant-granivore interactions in determining forest 
composition (Hoshizaki and Hulme 2002, Zwolak and Crone 2012). Future plant 
community composition depends on community-level dynamics at large spatial and 
temporal scales (Hulme 1996, Hulme 1998). My micro-level results provide a starting 
point that can inform other empirical studies at the meso-level. For instance, does the 
relative abundance of seeds at the scale of a few square meters lead to similar selection 
patterns when considering the relative abundance of different mast-producing tree species 
within a squirrel’s home range? I have demonstrated that fox squirrels exhibit frequency-
dependent selection, with the potential to facilitate the spread of chestnuts from initial 
plantings, but information on larger-scale and longer-term context-dependent interactions 









Table 5.1 Patterns of frequency-dependent selection by fox squirrels in central Indiana 
when combinations of American chestnut, northern red oak, and white oak are available 
following the method of Elton and Greenwood (1979), using both liberal (2 less than the 
number of seed selection events across all trials) and conservative (2 less than the number 
of trials) degrees of freedom. 
Seeds types d.f. b
1 
SE(b) t P V
2 
SE(V) t P 
Red oak : White oak 
         
55 0.82 0.30 -0.60 0.55 2.18 0.83 2.05 0.05 
8    0.57    0.07 
Red oak : chestnut 
         
57 0.94 0.31 -0.19 0.85 1.10 0.35 0.30 0.77 
9    0.85    0.77 
White oak : chestnut 
         
67 2.42 0.82 1.73 0.09 1.07 0.13 0.56 0.58 
7    0.13    0.59 
1
Values for b significantly >1 (<1) indicate that positive (negative) frequency-dependent selection is 
occurring. 
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Figure 5.1 Modeled patterns of frequency-dependent selection by fox squirrels in central 
Indiana when combinations of American chestnut, northern red oak, and white oak are 
available. The probability of selecting seed type 1 is a function of the log10 ratio of seed 
types available at the time each selection occurred. The solid line represents the expected 
relationship when no preference (V = 1) or frequency dependence (b = 1) is present. 
Vertical and horizontal reference lines denote equal availability and equal probability, 
respectively.  
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CHAPTER 6.  CONCLUSION 
Herein, I have described a suite of ecological interactions affecting American chestnut 
restoration and Allegheny woodrat conservation in Indiana. In this closing chapter, I 
highlight major conclusions and future directions associated with each chapter. 
In Chapter 2, Post-release survival of captive-reared Allegheny woodrats, I 
evaluated whether captive propagation could serve as an effective conservation tool for 
Allegheny woodrats by comparing post-release survival of captive-reared individuals to 
wild-born woodrat survival. In addition, I evaluated hard versus soft release strategies to 
develop recommendations for woodrats and other small-bodied prey species of 
conservation concern. Survivorship of wild-born individuals was consistently higher than 
captive-reared individuals. Patterns of survival were best explained by origin (i.e., 
captive-reared or wild-born) and the interaction between origin and time, with disparities 
in survival for wild and captive animals decreasing over time. Higher mortality among 
captive-reared individuals was associated with more exploratory behavior. Soft releases 
improved initial survival, and the tendency of soft-released individuals to choose higher-
quality den sites provided some evidence that this strategy eased the transition to a wild 
environment, although the importance of the effect of release strategy on survival also 







Given that post-release survival of captive-reared Allegheny woodrats was 
significantly lower than survival of their wild-born counterparts, captive propagation 
may not be an appropriate recovery tool for this declining prey species. Few 
individuals may have survived to contribute reproductively to local populations, an 
important milestone in achieving the objectives of the program. An ongoing 
assessment of the genetic response of recipient populations will provide information 
about the reproductive success of surviving captive-reared individuals. Also, further 
studies are needed to evaluate the survival of captive-reared woodrats relative to 
translocated wild-born woodrats to disentangle the consequences of captive rearing 
from the challenges of translocation to a novel landscape. 
Captive breeding programs for similar species of conservation concern should 
employ a soft-release strategy to alleviate disorientation and stress upon release and 
to promote integration of released animals into wild populations. Because low 
survival was due in large part to predation, future research to evaluate pre-release 
anti-predator conditioning may be warranted. Such conditioning, when coupled with 
soft release techniques, may improve survival for released animals. Even when such 
strategies are implemented, captive breeding should be coupled with additional 
conservation efforts such as habitat protection and enhancement to ensure long-term 
positive outcomes. 
In Chapter 3, Hard mast preference and response to food supplementation by 
Allegheny woodrats, I evaluated Allegheny woodrat patterns of preference for 
chestnuts relative to other types of hard mast commonly available within their range 







woodrats in lieu of pure American chestnut. Woodrats consistently preferred acorns 
of the red oak group over chestnuts, perhaps because they have greater potential for 
long-term storage than chestnut. BC3F2 chestnut seeds were less preferred than pure 
American chestnuts, suggesting that woodrats might not perceive these seeds as 
equivalent food resources. Further work is needed to examine the degree to which 
functional traits of BC3F3 and American chestnut match before large-scale restoration 
plantings are planned as a tool for woodrat recovery. This is especially important 
given that an anticipated benefit of chestnut restoration efforts is the predicted 
increase in a highly palatable wildlife food source. 
In this chapter, I also evaluated the probable effect of the restoration of a 
consistent and prodigious mast producer on this imperiled species by simulating 
levels of mast that would be available with restoration at woodrat population centers 
in southern Indiana. I monitored the differential response among sites provisioned in 
2 consecutive years, sites receiving 1 year of “pulsed” supplementation, and sites 
remaining as un-supplemented controls by evaluating annual growth rates, apparent 
survival, recruitment, and individual condition. Growth rates, apparent survival, and 
recruitment did not differ statistically among populations assigned to each 
supplementation treatment. Supplementation did not affect woodrat body mass, 
although there was weak evidence for a positive effect of treatment on male body 
mass. Overall, food did not appear to be a limiting resource for woodrats in Indiana 
during the study, woodrats were unable to respond positively to a surplus of food 







provided. Supplementation during a time of abundant natural food may have lessened 
its importance. 
Collectively, the results in this chapter did not support the hypothesis that loss 
of chestnut contributed significantly to the decline of Allegheny woodrats. 
Supplementation experiments in a stable metapopulation or during acorn crop failures 
may be more informative in determining how Allegheny woodrats might benefit from 
the stability of chestnut, or from supplementation as a surrogate. Maintaining 
abundance and diversity of oaks appears to be of more immediate importance to 
woodrat recovery than chestnut restoration. If diversity is maintained, acorns are not 
necessarily a poor substitute for chestnuts, especially given woodrats’ demonstrated 
preference for mast from the red oak group. Increasing diversity of oaks reduces the 
probability of complete mast failure in any given year and thus may contribute to 
long-term stability in woodrat abundance. 
In Chapter 4, Selection, caching, and consumption of hardwood seeds by 
forest rodents, I evaluated patterns of preference by small mammal consumers (i.e., 
white-footed mice, eastern chipmunks, southern flying squirrels, fox squirrels, eastern 
gray squirrels) for both pure American and BC3F2 chestnuts relative to other hard 
mast and determined the fate of seeds following selection. The primarily larder-
hoarding rodents (mice, chipmunks, flying squirrels) preferred American chestnut 
seeds over some of the other sources of mast (walnut, hickory, chestnut oak), whereas 
the scatter-hoarding rodents (fox squirrels, gray squirrels) preferred certain other 
sources of mast (walnut, hickory, red oak) to chestnut. In general, both groups tended 







In some cases, rodents treated BC3F2 chestnuts differently than pure American 
chestnuts, indicating that there are perceived differences between these seeds that 
influence rodent foraging. To illustrate, gray squirrels and chipmunks strongly 
avoided BC3F2 seeds relative to American chestnut. Fox squirrels left fewer BC3F2 
seeds in ground caches within 30 m of feeding stations than American chestnut, 
suggesting that sciurids may disperse BC3Fx seed farther from parent trees than 
American chestnut. Expansion of the 30 m tag search area in future studies may help 
explain foraging decisions related to BC3Fx seeds. In addition, future studies need to 
identify seed traits (and genes that determine traits) influencing rodent treatment of 
BC3Fx seeds, particularly those associated with dispersal distance and caching 
behavior. With this information, tree breeders may select BC3Fx chestnuts with 
functional traits more similar to those of pure American chestnut. 
Rodents have the capacity to hinder chestnut restoration by limiting 
recruitment of chestnut into plant populations through preferential consumption of 
seeds. Thus, seed dispersal may occur at a rate too slow to achieve restoration goals. 
Despite these challenges, the natural dispersal of chestnut seeds from restoration 
plantings will ultimately be needed to distribute it across the landscape. More 
information is needed to determine whether rodents positively affect chestnut seed 
survival and seedling establishment, as seed preferences and dispersal distances are 
only components of a more complex system. For example, the relative abundances of 
seed consumers and the proportion of the chestnut crop that is consumed by each, 
including granivorous birds and larger consumers such as white-tailed deer, can affect 







of relative abundance on the landscape and temporal variation in masting patterns, 
will be important if frequency-dependent selection is occurring (see Chapter 4). This 
chapter emphasized the importance of understanding ecological constraints in future 
efforts to reestablish chestnut on the landscape. Perhaps the most important finding in 
this chapter was that the chestnut breeding program has not yet met its goal of 
producing a tree that is functionally equivalent to American chestnut. Further studies 
are warranted before large-scale plantings of BC3F3 trees are established, given that 
seed consumers interacted with them differently than the species originally targeted 
for restoration. 
In Chapter 5, Patterns of frequency-dependent seed selection by fox squirrels, 
I explored whether discernible preferences exist when the frequencies of each seed 
type vary, as chestnuts are likely to be rare during the early stages of chestnut 
restoration. I tested for frequency-dependent selection among combinations of 
chestnut and white oak or red oak. Fox squirrels showed evidence of positive 
frequency-dependent selection when combinations of white oak and chestnuts were 
available, removing more common mast items at a higher rate than expected based on 
availability. Although I examined seed fate, the observed level of caching was 
insufficient to allow inferences about how squirrel tendencies to consume or cache 
might change with frequency of seed types. Thus, interpretation of the positive 
frequency-dependent selection I observed was linked to the fact that almost all seeds 
selected were consumed, rather than cached. If chestnuts are cached and not 
recovered, then escaping selection would not necessarily aid restoration. My findings 







consumption. Given these results, I suggested that the loss of chestnut seeds to 
predation may be dampened if they are planted sparsely throughout white oak stands. 
However, larger-scale studies of community-level interactions that incorporate 
chestnut seed fate within the context of different seasons and oak masting events are 
needed to determine if this outcome can be expected and its longer-term 
consequences for white oak. 
My results highlight the importance of testing well-intentioned conservation 
and restoration strategies before they are implemented widely. Modest levels of 
success in supplementing declining Allegheny woodrat populations with genetically 
diverse individuals or additional food resources require us to consider alternative 
routes to recovery. The discrepancies between rodent treatment of pure American and 
hybrid chestnut seeds alerts us to the fact that there may be ecologically relevant traits 
which have not yet been considered while breeding for blight resistance and 
American chestnut morphological similarity in the BC3F3 tree. My findings should 
serve to redirect our focus to as yet unexplained higher-order trophic interactions. 
Future studies of these interactions are critical to more fully explain many of my 
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P505 C M 312 258.1 4/14/2011 H 3 Predation - - 
P444 C F 318 264.2 4/14/2011 H 48 Predation 2 35 




P506 C M 166 255.5 4/21/2011 H 143 Unknown mortality 9 570 




P524 C M 334 261.7 5/6/2011 H 8 Unknown mortality 4 214 
P520 C F 146 214.5 5/6/2011 H 12 Predation 6 332 
P523 C M 181 365.5 5/6/2011 H 10 
Died from severe 
injuries 
2 20 
P521 C M 158 236.4 5/18/2011 H 10 Predation 2 230 
P522 C M 179 282.9 5/18/2011 H 2 










Table A.1 continued 
P525 C F 107 275.7 6/2/2011 H 20 
Censored - signal 
lost 
2 184 
P527 C M 107 238.2 6/2/2011 H 14 Predation 4 78 
P526 C M 114 297.8 6/9/2011 H 94 Unknown mortality 5 312 
P610 C M 94 238.6 8/3/2011 H 1 Predation - - 




P558 W M - 228.7 6/17/2011 - 29 Predation 1 0 
P528 W M - 288.1 6/30/2011 - 62 Predation 1 0 
P561 W F - 354.2 6/30/2011 - 63 Predation 2 13 
P566 W M - 468.8 7/7/2011 - 5 Predation - - 
P571 W M - 319.1 7/7/2011 - 56 Predation 1 0 
















Table A.1 continued 




P587 W M - 257.5 7/22/2011 - 37 Unknown mortality 1 0 








P602 W F - 205.8 7/20/2011 - 75 Predation 1 0 




P531 W F - 229.5 7/29/2011 - 66 Predation 3 178 
P615 W F - 203.5 7/29/2011 - 22 Predation 1 0 
P660 C M 302 334.4 5/11/2012 S 11 Predation 3 775 
P662 C F 299 220.8 5/11/2012 S 4 Predation 1 10 
P663 C F 306 244.5 5/18/2012 S 113 Predation 7 362 











Table A.1 continued 




P661 C F 149 224.3 5/18/2012 S 46 
Censored - trapping 
fatality 
2 35 
P664 C F 312 257.3 5/24/2012 S 39 Predation 4 119 
P666 C M 155 373.7 5/24/2012 S 36 Predation 2 448 




P659 C M 174 310.7 6/3/2012 S 1 Predation - - 
P670 C M 103 311.5 6/3/2012 S 33 Predation 3 200 
P669 C F 103 261.1 6/3/2012 S 14 Predation 1 0 








P733 W M - 232.5 7/18/2012 - 21 Predation 2 4 











Table A.1 continued 
























P751 W F - 275.4 7/31/2012 - 17 Predation 1 0 




















Table A.1 continued 




P763 W M - 237.9 8/7/2012 - 44 Unknown mortality 2 18 









C = captive-reared, W = wild-caught 
b
SMI = scaled mass index calculated from body mass and total length (Peig & Green, 2009) to estimate body condition 
c








Appendix B R Code for Seed Preference Analysis 
# Random Parameter Discrete Choice Model via WinBUGS 
# -------------------------------------------------------------------------- 
# Nate Lichti (nlichti@purdue.edu) 
# version 1.3  December 2013 
# -------------------------------------------------------------------------- 
# Multinomial logit model of resource selection with hierarchical  
# random parameter specification (selection event < trial < site). 
# 
# In the new version, parameters may be specified as fixed, random, 
# or a combination of fixed and random (i.e., mixed effects). 
# 
# There is one function, rdc, which uses a formula interface to 
# define the model.  Both left and right-hand sides are needed. 
# Use pipes ("|") to indicate clustering of individual choice 
# events inside trials, and trials inside sites.  For example: 
# 
#                   y ~ a + (b * c | w | z) 
# 
# indicates that the response variable is a column named y and 
# individual choice-level covariates are in columns a, b, and c. In 
# this model, the variable a is a fixed effect, and variables b and c  
# are random effects, as shown by grouping the "b * c" formula inside 
# parentheses with a clustering term.  In the code, this formula will 
# be deparsed into two separate formulas, one for fixed effects (~ a), 
# and one for random effects (~ b * c). 
# 
# Trial identifiers are in column w and site identifiers are in z.  The 
# response variable is coerced to a factor without a warning. Also, 
# the trial and site variables are coerced to integers. Covariates are  
# treated as factors only if they are non-numeric or have been defined as  
# factors by the user. 
# 
# The data should all be stored in a data frame, given by the "dataset"  
# argument. 
# 
# The "avail" argument should provide a prefix for the name of   
# each column that contains an availability for one of the alternate  
# resource types at the time of each selection event (i.e., the columns 
# that specify the choice set).  Each of these columns MUST be named 
# following the convention <prefix><separator><resource type> where 
# <separator> is given by the argument "sep.repeated" and <resource type> 
# is one of the levels in the response variable.  For example, if the 
# levels of variable y in the previous formula are: "twinkie", "ho-ho",  
# and "ding-dong," and avail and sep.repeated follow the defaults, the 
# column names for the availabilities should be: "avail.twinkie,"  
# "avail.ho-ho," and "avail.ding-dong".  
# 
# The argument "rep.covar" designates additional alternative-specific 









# If TRUE, the arguments "phi" and "p" instruct WinBUGS to monitor the 
# utility (phi) and probability of selection (p) for each alternative 
# at each choice event.  For large datasets, this can considerably 
# slow performance (but NOT convergence), and may cause memory problems 
# in 32-bit versions of R.    
# 
# Priors for the within site variance (sigma.beta) and among-site 
# variance (sigma.mu) are uniform over the range from zero to the 
# values designated in the named list, "sigma.prior." Priors for means 
# parameters (beta and mu) are hard coded at ~ N(0, tau = 0.001). 
# 
# Arguments "thin", "burnin", "chains", "debug", and "bugsdir" are  
# passed to the bugs function.  The argument "samples" gives the desired  
# total number of posterior MCMC samples, combining all chains.  
# The number of iterations to run is then caculated from this using 
# the thinning and burnin specifications. 
# 
# "savefile" is the name for a text file saving the model results, 
# or NULL to suppress saving. The "wd" argument allows the user 
# to specify a working directory for the analysis.  The current  
# working directory is restored when the function exits. 
# 
# Argument "comparison" can be "difference" or "probability", and  
# determines the type of post hoc selection comparison run by 
# compareSeeds.  See that function for details. 
 
rdc = function(formula, dataset = choose.files(), avail = 'avail',  
               sep.repeated = '.', rep.covar = NA, phi = FALSE, p = FALSE, 
               sigma.prior = list(beta = 10, mu = 10), 
               thin = 10, burnin = 100, chains = 3, samples = 200,  
               debug = FALSE, bugsdir = 'C:\\WinBUGS14', 
               savefile = 'rdcresults.txt', wd = getwd(),  
               nboot = 200, 
               ncheck = NA, 
               comparison = 'difference', 
               post = FALSE){ 
 
         start.time = Sys.time() 
         oldwd = getwd() 
         setwd(wd) 
 
         # Parse formula to pull out variable names and cluster identities 
 
           responsevar = as.character(formula)[2] 
           formula = sub(')', '(', as.character(formula)[3]) 
           formula = strsplit(formula, '(', fixed = TRUE)[[1]] 
            
           fixeff = formula[!grepl('|', formula, fixed = TRUE)]  
           if(length(fixeff) > 0){ 
             fixeff = strtrim(fixeff, nchar(fixeff) - 3) 
             fixeff = as.formula(paste('~', fixeff, collapse = '')) 









           clusters = formula[grepl('|', formula, fixed = TRUE)] 
           clusters = strsplit(clusters, ' | ', fixed = TRUE)[[1]] 
           if(length(clusters) > 0){ 
             raneff = as.formula(paste('~', clusters[1], collapse = '')) 
             trials = clusters[2] 
             sites = clusters[3] 
           } else { 
             raneff = character(0) 
             trials = 'fixed' 
             sites = 'fixed' 
           } 
 
         # Input and format data 
 
           if(is.matrix(dataset)) dataset = as.data.frame(dataset) 
           selectiondata = if(!is.data.frame(dataset)){ 
                             read.csv(dataset, header=TRUE) 
                           } else { 
                             dataset 
                           } 
 
       selectiondata[,responsevar] = 
factor(as.character(selectiondata[,responsevar])) 
       selectiondata[,trials] = factor(as.character(selectiondata[,trials])) 
       selectiondata[,sites] = factor(as.character(selectiondata[,sites])) 
 
           n.obs = nrow(dataset) 
           alts = altnames = levels(selectiondata[,responsevar]) 
           n.alt = length(alts) 
           n.pres = length((trialnames = levels(selectiondata[,trials]))) 
           n.site = length((sitenames = levels(selectiondata[,sites])))  
 
         # Set up dummy-coded observation matrix 
 
           Y = array(data=NA, dim=c(n.obs, n.alt)) 
           eval( 
                parse( 
                      text = paste( 
                                   'ymod = model.matrix(~ -1 + ', 
                                   responsevar, 
                                   ', data = selectiondata)' 
                                   ) 
                      ) 
                ) 
           Y[,] = ymod 
 
         # Set up presentation and site id vectors 
 
           numSDtrials = as.numeric(selectiondata[,trials]) 
           numSDsites = as.numeric(selectiondata[,sites]) 
           pres.obs  = as.vector(numSDtrials) 
           site.pres = as.vector(by(numSDsites, numSDtrials, unique))[ 








                                   ] 
 
         # Set up fixed effects design matrix 
 
           if(length(fixeff) > 0){ 
             fmod = model.matrix(fixeff, data = selectiondata) 
             n.fix = ncol(fmod) 
             X = array(data=NA, dim=c(n.obs, n.fix)) 
             X[,] = fmod      
           } else { 
             n.fix = 1 
             X = array(data=0, dim=c(n.obs, 1)) 
           }     
 
         # Set up random effects design matrix 
 
           if(length(raneff) > 0){ 
             rmod = model.matrix(raneff, data = selectiondata) 
             n.rnd = ncol(rmod) 
             W = array(data=NA, dim=c(n.obs, n.rnd)) 
             W[,] = rmod    
           } else { 
             n.rnd = 1 
             W = array(data=0, dim=c(n.obs, 1)) 
           }       
 
         # Set up availability matrix 
   
           a = array(data = NA, dim=c(n.obs, n.alt)) 
           alts = paste(avail, alts, sep = sep.repeated) 
           a[,] = data.matrix(selectiondata[,alts]) 
 
         # Create arguments for WinBUGS 
 
           data = list ( 
                        Y = Y, 
                        X = X, 
                        W = W, 
                        a = a, 
                        pres.obs = pres.obs, 
                        site.pres = site.pres, 
                        n.obs  = n.obs,         
                        n.alt  = n.alt,  
                        n.fix  = n.fix,         
                        n.rnd  = n.rnd,         
                        n.pres = n.pres,         
                        n.site = n.site         
                        ) 
 
            inits = function(){ 
  









                      alpha      = array(data=NA, dim=c(n.alt, n.fix)) 
                      beta       = array(data=NA, dim=c(n.alt, n.rnd, n.pres)) 
                      mu.beta    = array(data=NA, dim=c(n.alt, n.rnd, n.site)) 
                      sigma.beta = array(data=NA, dim=c(n.alt, n.rnd, n.site)) 
                      eta.mu     = array(data=NA, dim=c(n.alt, n.rnd)) 
                      sigma.mu   = array(data=NA, dim=c(n.alt, n.rnd)) 
 
                    # Assign initial values 
 
                      alpha[]      = runif(n.alt * n.fix, -5, 5) 
                      beta[]       = runif(n.alt * n.rnd * n.pres, -5, 5) 
                      mu.beta[]    = runif(n.alt * n.rnd * n.site, -5, 5) 
                      sigma.beta[] = runif(n.alt * n.rnd * n.site, 0, 5) 
                      eta.mu[]     = runif(n.alt * n.rnd, -5, 5) 
                      sigma.mu[]   = runif(n.alt * n.rnd, 0, 5) 
 
                    # Fix alpha and beta values for the reference case to zero 
 
                      alpha[1,]       = 0 
                      beta[1,,]       = 0 
                      mu.beta[1,,]    = 0 
                      sigma.beta[1,,] = 0 
                      eta.mu[1,]      = 0 
                      sigma.mu[1,]    = 0 
 
                    # Output initial values 
 
                      list ( 
                            alpha = alpha, 
                            beta = beta, 
                            mu.beta = mu.beta, 
                            sigma.beta = sigma.beta, 
                            eta.mu = eta.mu, 
                            sigma.mu = sigma.mu 
                            ) 
                   } 
             
            parameters = if(length(fixeff) > 0) 'alpha' else (character(0)) 
            if(length(raneff) > 0) parameters = c(parameters,'beta','mu.beta', 
                  'sigma.beta','eta.mu','sigma.mu') 
            if(phi) parameters = c(parameters,'phi') 
            if(p)   parameters = c(parameters,'p') 
 
          #Begin model specification 
 
          sink('WBrandomdiscretechoice.txt') 
 
          cat(paste(' 
 












      # Specification of Likelihood 
      # -------------------------------------------------------------------- 
 
      for(i in 1:n.obs){   
 
        # Observation i (Y[i,]) is dummy coded to indicate which of J 
        # alternative resource types was selected.  It is multinomial with 
        # a sample size of one. 
 
        Y[i, 1:n.alt] ~ dmulti(p[i, 1:n.alt], 1) 
 
        for(j in 1:n.alt){ 
 
          # The probability of selecting alternative j at observation 
          # i (p[i,j]) is proportional to the relative utility of j at i   
          # (u[i,j]) times the relative availability of j at i (v[i,j]).   
          # Absolute availability (a[i,j]) is part of the data. 
  
            p[i, j] <- w[i, j] / sum(w[i, 1:n.alt]) 
 
            w[i, j] <- phi[i, j] * v[i, j] 
 
            v[i, j] <- a[i, j] / sum(a[i, 1:n.alt]) 
 
          # The utility of j at i (phi[i,j]) is determined by several 
          # factors, including: the identity and traits of j, the  
          # identity (or species) of the individual doing the selecting, 
          # and possibly the composition of the choice set.  These effects 
          # are contained in the linear predictors for fixed effects (XA) 
          # and random effects (WB).   
 
          # Note the log-link function on phi. 
 
            log(phi[i, j]) <- sum(XA[i, j, 1:n.fix]) + sum(WB[i, j, 1:n.rnd]) 
 
            for(h in 1:n.fix){ 
 
              # For each selection event, there are a set of linear 
              # predictors (instead of only one, as in normal regression). 
              # The partial-predictors for fixed effects are contained in  
              # a 3D array, XA, where the elements of XA contain the product  
              # of design variable h for observation i and the regression  
              # parameter for the effect of h on the log-utility of  
              # alternative j. 
 
              XA[i, j, h] <- alpha[j, h] * X[i, h] 
 
            } 
 
            for(g in 1:n.rnd){ 
 








              # predictors (instead of only one, as in normal regression). 
              # The partial-predictors for random effects are contained in  
              # a 3D array, WB, where the elements of WB contain the product  
              # of design variable h for observation i and the regression  
              # parameter for the effect of h on the log-utility of  
              # alternative j. 
 
              WB[i, j, g] <- beta[j, g, pres.obs[i]] * W[i, g] 
 
            } 
         }  
      }                              # End of likelihood specification 
 
      # Specification of Priors 
      # ------------------------------------------------------------------- 
 
      # The reference alternative is defined to have a utility of one, so 
      # that the model will be identified (means it will only have one best 
      # solution, not an infinite number of equally good solutions).  To do 
      # this, we fix the alphas and betas for the reference alternative to  
      # zero (remember, log(utility) = ALPHA * X + BETA * W, and log(1) = 0). 
  
      for(h in 1:n.fix){ 
        alpha[1, h] <- 0 
      } 
 
      for(g in 1:n.rnd){ 
        for(k in 1:n.pres){ 
          beta[1, g, k] <- 0 
        } 
      } 
 
      for(j in 2:n.alt){ 
 
        # For the other alternatives, we want to allow the alphas and  
        # betas to be defined by the data.  To do this, we assign vague  
        # or uninformative prior probability distributions to them.   
 
        for(h in 1:n.fix){ 
  
          # For the fixed effects, we assume a N(0, sigma = 1000) prior. 
 
          alpha[j, h] ~ dnorm(0, 0.001) 
        } 
 
        for(g in 1:n.rnd){ 
 
          # We also want to allow beta[j,g] to be a little different from   
          # one presentation to another.  To do this, we give the betas their  
          # own regression model.   
 
          # Note that WinBUGS specifies normal distributions with precision 








          # tau = 1/sigma.    
 
          for(k in 1:n.pres){ 
 
            beta[j, g, k] ~ dnorm(mu.beta[j, g, site.pres[k]], tau.beta[j, g])  
          #NOTE: changed to common tau.beta 
 
          } 
 
          # mu.beta and tau.beta are called hyperparameters because they  
          # are parameters that define the model for beta, which is itself 
          # a parameter for the model of p. Prior distributions for mu and 
          # tau (or sigma) are called hyperpriors.   
 
          for(s in 1:n.site){ 
 
            # We expect that beta[j,g] may be more similar for 2 trials 
            # at the same site than for 2 trials at different sites. 
            # To do this, we can add one more level to the model by putting 
            # a hyperprior on mu.beta. 
  
            mu.beta[j, g, s] ~ dnorm(eta.mu[j, g], tau.mu[j, g])  
          } 
 
          # The hyperpriors for mu.beta are also vague. 
 
          eta.mu[j, g] ~ dnorm(0, 0.001) 
 
          sigma.mu[j, g] ~ dunif(0, ', sigma.prior$mu, ') 
 
          tau.mu[j, g] <- 1 / sigma.mu[j, g] 
 
          sigma.beta[j, g] ~ dunif(0, ', sigma.prior$beta, ')         
           
          # common shared within-site variance 
 
          tau.beta[j, g] <- 1 / sigma.beta[j, g] 
 
 
        } 
      }                             # End of prior specification 
       
   }  
 
              ', sep=''), 
              fill=TRUE) 
 
           sink() 
 
           library(R2WinBUGS) 
 
           out.new = bugs( 








                          inits,  
                          parameters,  
                          'WBrandomdiscretechoice.txt', 
                          n.thin = thin, 
                          n.chains = chains,  
                          n.burnin = burnin, 
                          n.iter = ((samples * thin + 1)/chains) + burnin, 
                          bugs.directory = bugsdir, 
                          debug = debug 
                          ) 
 
           end.time = Sys.time() 
 
           result = print(out.new, digits=3) 
           result$summary = cbind( 
                             result$summary, 
                             n.obs = count.n( 
                             group.vars = selectiondata[,c('sp',trials,sites)], 
                             avail = a, 
                             pars = rownames(result$summary), 
                             fixed = FALSE 
                                         ) 
                                  ) 
 
           result$design = list(n.observations = n.obs, n.alternatives = n.alt, 
                             n.fixed = n.fix, n.random = n.rnd,  
                             n.presentations = n.pres,  
                             fixed = X, random = W, available = a, choice = Y,  
                             presentation = pres.obs) 
 
           attributes(result) = append( 
                                       attributes(result), 
                                       list( 
                                            varnames = list( 
                                                       alternatives = altnames, 
                                                       trials = trialnames, 
                                                       sites = sitenames 
                                                       ) 
                                            ) 
                                       ) 
 
           if(!is.null(savefile)) capture.output(result, file = savefile) 
           setwd(oldwd) 
 
           if(post){  
             message('Running posterior predictive check.') 
             flush.console() 
             result$postcheck = rdc.postcheck(result, nboot, ncheck) 
           } 
 
           if(!is.null(comparison)){ #changed from - if(comparison != NULL){ 
            result$pairwise = compareItems(result$sims.list$eta.mu, comparison) 








          names(dnames)[2] = paste('item.2', ifelse(comparison == 'difference',  
                                    'P(eta.1 - eta.2 > 0)', 'P(pick item 1)')) 
             dimnames(result$pairwise) = dnames 
           } 
 
          elapsed.time = round(difftime(end.time, start.time, units='mins'), 2) 
           print( 
                 paste( 
                       'Posterior computed in ',  
                       elapsed.time,  
                       ' minutes.',  
                       sep='' 
                       ),  
                 quote=F 
                 ) 
            
           result 
      } 
 
# Posterior Predictive Check 
 
rdc.postcheck = function(fitted.model, nboot = 5, nobs = NA){ 
             
      # Performs a posterior predictve check and evaluation of predictive power 
      # for "data" with a "fitted.model" returned as output from rdc. The PPC  
      # follows Gelman et al 2004, p 162, and uses the Pearson residual as the  
      # test statistic.  The EPP compares the mean proportion of correct  
      # predictions from nboot predictive simulations to the mean proportion 
      # based on a null model of selection proportional to availability.  
 
            M = fitted.model$n.sims 
            n = fitted.model$design$n.observations 
            J = fitted.model$design$n.alternatives 
            K = fitted.model$design$n.presentations 
            fixvar = fitted.model$design$n.fixed 
            rndvar = fitted.model$design$n.random 
            stopifnot(is.na(nobs) || nobs <= n) 
            do = if(is.na(nobs)) 1:n else(sample(n, nobs)) 
            n = length(do) 
 
            X = fitted.model$design$fixed[do,] 
            W = fitted.model$design$random[do,] 
            a = fitted.model$design$available[do,] 
            Y = fitted.model$design$choice[do,] 
            P = fitted.model$design$presentation[do] 
 
            alpha = fitted.model$sims.list$alpha 
            beta = fitted.model$sims.list$beta 
 
            pearson = function(p, y){ 
                        p[p == 0] = 1e-8 
                        p = p/rowSums(p) 








                      } 
 
            pbar <- winProgressBar(title='Posterior predictive check',  
                                   label='0%', min=0, max=100, initial=0) 
 
            stats = sapply(1:M, function(m){ 
                      fixeff = if(is.null(alpha)) 0 else(X %*% alpha[m,,]) 
                      raneff = if(is.null(beta)) 0 else( 
                               W * t(sapply(P, function(pres) beta[m,,,pres])) 
                               ) 
                      lpred = cbind(0, fixeff + raneff) 
                      phi = exp(lpred) 
                      p = (phi * a) / rowSums(phi * a) 
 
                      sims = apply(p, 1, rmultinom, n = nboot, size = 1)  
                             dim(sims) = c(J, nboot, n) #took out J+1 
                             sims = aperm(sims, c(3,1,2)) 
 
                      pearson.resid.real = pearson(p, Y) 
                      pearson.resid.sims = apply(sims, 3, pearson, p = p) 
                      bp = mean(pearson.resid.sims >= pearson.resid.real)   
                      cp = mean(apply(c(Y) == sims, c(1,3), all)) 
 
                      setWinProgressBar(pbar, m/M*100, label = sprintf('%d%%',  
                                        round((m/M)*100))) 
 
                      c(bp = bp, cp = cp) 
                    }) 
 
            p0 = a/rowSums(a) 
            sims = apply(p0, 1, rmultinom, n = nboot, size = 1)  
                   dim(sims) = c(J, nboot, n) #took out J+1 
                   sims = aperm(sims, c(3,1,2)) 
            cp0 = mean(apply(c(Y) == sims, c(1,3), all)) 
 
            nulldev = -2 * sum(log(rowSums(p0 * Y)))  
            bp = mean(stats['bp',])               
            cp = mean(stats['cp',])                
 
            close(pbar) 
 
        c(bayesian.p = bp, mean.prop.correct = cp, null.prop.correct = cp0, 
        percentage.improvement = 100 * (cp - cp0)/cp0, null.deviance = nulldev,  
              nboot = nboot)   
          }     
 
# Extractor functions - these functions extract specific rows from the summary 
# table in the WinBUGS output returned by rdc(), and assign the appropriate 
# variable names to the summary tables. The eta.rdc function returns the global 
# mean preference coefficients 
 
eta.rdc = function(fitted.model, species = 1){ 








            filter = rownames(fm)[grep('eta.mu', rownames(fm))] 
            filter = filter[substr(filter, 10, 10) %in% species] 
            whichalt = as.numeric(substr(filter, 10, 10)) 
            eta = fm[filter,] 
            vnames = attr(fitted.model, 'varnames') 
            rownames(eta) = vnames$alternatives[whichalt] 
            eta 
          } 
 
sigma.rdc = function(fitted.model, species = 1){ 
            fm = fitted.model$summary 
            filter = rownames(fm)[grep('sigma', rownames(fm))] 
            vnames = attr(fitted.model, 'varnames') 
            filter.beta = filter[grep('beta', filter)] 
            filter.beta = filter.beta[substr(filter.beta, 14, 14) %in% species] 
              sigma.beta = fm[filter.beta,] 
              whichalt = as.numeric(substr(filter.beta, 12, 12)) 
              whichsite = as.numeric(substr(filter.beta, 16, 16)) 
              rownames(sigma.beta) = paste( 
                                           vnames$alternatives[whichalt], 
                                           vnames$sites[whichsite], 
                                           sep = '.' 
                                           ) 
              filter.mu = filter[grep('mu', filter)]   
              filter.mu = filter.mu[substr(filter.mu, 12, 12) %in% species] 
              sigma.mu = fm[filter.mu,] 
              whichalt = as.numeric(substr(filter.mu, 10, 10)) 
              rownames(sigma.mu) = vnames$alternatives[whichalt] 
 
              list(within.site = sigma.beta, among.site = sigma.mu) 
            } 
 
p.rdc = function(fitted.model){ 
            fm = fitted.model$summary 
            filter = rownames(fm)[grep('p', rownames(fm))] 
            p = fm[filter,] 
 
            filter2 = strsplit(filter, '', fixed=T) 
            open.bracket = sapply(filter2, charmatch, x = '[') 
            comma = sapply(filter2, charmatch, x = ',') 
            close.bracket = sapply(filter2, charmatch, x = ']') 
 
           obs.index = as.numeric(substr(filter, open.bracket + 1, comma - 1)) 
           alt.index = as.numeric(substr(filter, comma + 1, close.bracket - 1)) 
 
            rownames(p) = paste('obs', obs.index,  
                                attr(fitted.model,  
                                'varnames')$alternatives[alt.index],  
                                sep = '.') 
             
            p.hat = t(matrix(p[,'mean'], nrow = max(alt.index))) 
 








            p.sims = array(0, c(dim(p.hat), nrow(sims))) 
            sapply(1:nrow(sims), function(i){ 
                     p.sims[,,i] <<- t(matrix(sims[i,], nrow = max(alt.index))) 
                   }) 
 
            list(p = p, p.hat = p.hat, p.sims = p.sims) 
          } 
 
 
# Utility functions to count sample sizes and match characters within strings 
 
count.n = function(group.vars, avail, pars, fixed = FALSE){ 
 
            # remove deviance from pars 
 
              pars = pars[pars != 'deviance'] 
 
            # Count number of cases for each combination of 
            # alternative, trial, and site.  The argument  
            # group.vars should contain columns from the dataset 
            # for the species doing the selection, trial, and site 
            # in that order.  The avail argument contains the 
            # availabilities of the choice alternatives.  pars are 
            # the parameter names from the R2winbugs summary table.  
            # fixed is TRUE for a fixed-effects model. 
 
              if(fixed){ 
                if(is.null(group.vars)){ 
                  group.vars = as.data.frame( 
                                             matrix(1, nrow(avail), 3) 
                                             ) 
                } 
              } 
 
              N = vector('list', ncol(avail)) 
              for(i in 1:ncol(avail)){ 
                N[[i]] = table(group.vars[avail[,i] > 0,]) 
              }              
             
            # Identify which output rows go with which parameters 
 
              is.mu.beta    = grepl('mu.beta', pars) 
              is.eta.mu   = grepl('eta.mu', pars) 
              is.sigma.mu = grepl('sigma.mu', pars) 
              is.sigma.beta  = grepl('sigma.beta', pars) 
              is.beta  = grepl('beta', pars) & !is.sigma.beta & !is.mu.beta 
              is.p = grepl('p', pars) 
 
            # Extract indices 
 
              pars2 = strsplit(pars[!is.p], '', fixed=T) 
              open.bracket = sapply(pars2, pmatch, x = '[') 








              comma1 = sapply(pars2, pmatch, x = ',') 
              sapply(1:length(pars2),  
                     function(i) pars2[[i]] <<- pars2[[i]][-(1:comma1[[i]])]) 
              comma2 = comma1 + sapply(pars2, pmatch, x = ',') 
 
              alt.index     = as.numeric( 
                                         substr( 
                                                pars[!is.p],  
                                                open.bracket + 1,  
                                                comma1 - 1 
                                                ) 
                                         ) 
              subject.index = as.numeric( 
                                         substr( 
                                                pars[!is.p],  
                                                comma1 + 1,  
                                                comma2 - 1 
                                                ) 
                                         ) 
              cluster.index = as.numeric( 
                                         substr( 
                                                pars[!is.p],  
                                                comma2 + 1,  
                                                close.bracket -1 
                                                ) 
                                         ) 
              indices = cbind(alt.index, subject.index, cluster.index) 
 
            # Sum up sample sizes that apply to individual parameters 
 
              if(fixed){ 
                n.obs = apply( 
                              indices,  
                              1, 
                              function(i) sum(N[[i[1]]][i[2],,]) 
                              ) 
              } else { 
                n.obs = numeric(length(pars)) 
                n.obs[is.beta] = apply( 
                                   indices,  
                                   1, 
                                   function(i) sum(N[[i[1]]][i[2],i[3],]) 
                                   )[is.beta] 
                n.obs[is.mu.beta] = apply( 
                                indices,  
                                1, 
                                function(i){ 
                                colSums(N[[i[1]]][i[2],,,drop=FALSE] > 0)[i[3]] 
                                   })[is.mu.beta] 
                n.obs[is.sigma.beta] = apply( 
                                             indices,  
                                             1, 








                                               sum(N[[i[1]]][i[2],,] > 0) 
                                             })[is.sigma.beta] 
                n.obs[is.eta.mu] =  
                n.obs[is.sigma.mu] = apply( 
                                 indices,  
                                 1, 
                                 function(i){ 
                                 sum(colSums(N[[i[1]]][i[2],,,drop=FALSE]) > 0) 
                                    })[is.sigma.mu] 
                n.obs[is.p] = 1 
              }  
 
            c(n.obs, NA) 
          } 
 
chargrep = function(x, char, ..., simplify = FALSE){ 
             # split elements of x into individual characters 
 
               x = strsplit(as.character(x), '')     
 
             # search the exploded strings for char, returning 
             # a list with each element corresponding to an element  
             # in x and consisting of the character numbers that 
             # match char.  
 
               sapply(x, grep, pattern = char, ..., simplify = simplify) 




## A purely fixed-effects discrete choice model, built by deleting unneeded 
# lines from rdc 
 
fdc = function(formula, dataset = choose.files(), avail = 'avail',  
            sep.repeated = '.', rep.covar = NA, phi = FALSE, p = FALSE, 
            thin = 10, burnin = 100, chains = 3, samples = 200,  
            debug = FALSE, bugsdir = 'C:\\WinBUGS14', nboot = 200, ncheck = NA, 
            savefile = 'rdcresults.txt', wd = getwd(), post = FALSE,  
            comparison = 'difference'){ 
 
         start.time = Sys.time() 
         oldwd = getwd() 
         setwd(wd) 
 
         # Parse formula to pull out variable names and cluster ids 
         formula = strsplit(as.character(formula), '~', fixed = TRUE) 
         responsevar = formula[[2]] 
         clusters = strsplit(formula[[3]], ' | ', fixed = TRUE)[[1]] 
         pform  = strsplit(clusters[1], ' ', fixed = TRUE)[[1]] 
         predictvar = unique( 
                             pform[ 
                                   !grepl('+', pform, fixed = TRUE) & 








                                   !grepl('*', pform, fixed = TRUE) 
                                   ] 
                             ) 
 
         # Input data 
         if(is.matrix(dataset)) dataset = as.data.frame(dataset) 
         selectiondata = if(!is.data.frame(dataset)){ 
                           read.csv(dataset, header=TRUE) 
                         } else { 
                           dataset 
                         } 
 
         if(!is.factor(selectiondata[,responsevar])){ 
           selectiondata[,responsevar] = factor(selectiondata[,responsevar]) 
         } 
 
         n.obs = nrow(dataset) 
         alts = altnames = levels( 
                                  as.factor( 
                                            selectiondata[,responsevar] 
                                            ) 
                                  ) 
         n.alt = length(alts) 
 
         n.pres length( 
                       (trialnames = levels( 
                                   as.factor( 
                                            selectiondata[,trials] 
                                             ) 
                                   ) 
                           )) 
 
         # Set up dummy-coded observation matrix 
         Y = array(data=NA, dim=c(n.obs, n.alt)) 
         eval( 
              parse( 
                    text = paste( 
                                 'Y[,] = model.matrix(~ -1 + ', 
                                 responsevar, 
                                 ', data = selectiondata)' 
                                 ) 
                    ) 
              ) 
 
         # Set up design matrix 
         formula = as.formula(paste('~', clusters[1])) 
         mod = model.matrix(formula, data = selectiondata) 
         n.var = ncol(mod) 
         X = array(data=NA, dim=c(n.obs, n.var)) 
         X[,] = mod          
 
         # Set up availability matrix 








         alts = paste(avail, alts, sep = sep.repeated) 
         a[,] = data.matrix(selectiondata[,alts]) 
 
         #Create arguments for WinBUGS 
         data = list ( 
                      Y = Y, 
                      X = X, 
                      a = a, 
                      n.obs  = n.obs,         
                      n.alt  = n.alt,         
                      n.var  = n.var      
                      ) 
 
          inits = function(){ 
 
                    # Set up initial value arrays 
                    beta = array(data=NA, dim=c(n.alt, n.var, n.pres)) 
 
                    # Assign initial values 
                    beta[] = runif(n.alt * n.var * n.pres, -5, 5) 
 
                    # Fix beta values for the reference case to zero 
                    beta[1,,] = 0 
 
                    # Output initial values 
                    list ( 
                          beta = beta 
                          ) 
                 } 
 
          parameters = c('beta') 
          if(phi) parameters = c(parameters,'phi') 
          if(p)   parameters = c(parameters,'p') 
 
          #Begin model specification 
 
          sink('WBdiscretechoice.txt') 
 
          cat(' 
 
    model { 
 
      # Specification of Likelihood 
      # -------------------------------------------------------------------- 
 
      for(i in 1:n.obs){ 
 
        # Observation i (Y[i,]) is dummy coded to indicate which of J 
        # alternative resource types was selected.  It is multinomial with 
        # a sample size of one. 
 









        for(j in 1:n.alt){ 
 
          # The probability of selecting alternative j at observation 
          # i (p[i,j]) is proportional to the relative utility of j at i   
          # (u[i,j]) times the relative availability of j at i (v[i,j]).   
          # Absolute availability (a[i,j]) is part of the data. 
  
            p[i, j] <- w[i, j] / sum(w[i, 1:n.alt]) 
 
            w[i, j] <- phi[i, j] * v[i, j] 
 
            v[i, j] <- a[i, j] / sum(a[i, 1:n.alt]) 
 
          # The utility of j at i (phi[i,j]) is determined by several 
          # factors, including: the identity and traits of j, the  
          # identity (or species) of the individual doing the selecting, 
          # and possibly the composition of the choice set.  These effects 
          # are contained in the linear predictor XB.   
 
          # Note the log-link function on phi. 
 
            log(phi[i, j]) <- sum(XB[i, j, 1:n.var]) 
 
            for(g in 1:n.var){ 
 
              # For each selection event, there are a set of linear 
              # predictors (instead of only one, as in normal regression). 
              # The partial-predictors are contained in a 3D array, XB, 
              # where the elements of XB contain the product of design 
              # variable g for observation i and the regression parameter 
              # for the effect of g on the log-utility of alternative j. 
 
              XB[i, j, g] <- beta[j, g] * X[i, g] 
 
            } 
         }  
      }                              # End of likelihood specification 
 
      # Specification of Priors 
      # ------------------------------------------------------------------- 
 
      # The reference alternative is defined to have a utility of one, so 
      # that the model will be identified (means it will only have one best 
      # solution, not an infinite number of equally good solutions).  To do 
      # this, we fix the betas for the reference alternative to zero 
      # (remember, log(utility) = BETA * X, and log(1) = 0). 
 
      for(g in 1:n.var){ 
          beta[1, g] <- 0 
      } 
 









        for(g in 1:n.var){ 
 
          # For the other alternatives, we want to allow the betas to be  
          # defined by the data.  To do this, we assign vague or  
          # uninformative prior probability distributions to them.   
 
          # We also want to allow beta[j,g] to be a little different from   
          # one presentation to another.  To do this, we give the betas their  
          # own regression model.   
 
          # Note that WinBUGS specifies normal distributions with precision 
          # (tau^2), which is the inverse of variance (sigma^2), that is, 
          # tau = 1/sigma.    
 
 
            beta[j, g] ~ dnorm(0, 0.001) #NOTE: changed to common tau.beta 
 
        } 
      }                             # End of prior specification 
       
   }  
 
              ', 
              fill=TRUE) 
 
           sink() 
 
           library(R2WinBUGS) 
 
           out.new = bugs( 
                          data,  
                          inits,  
                          parameters,  
                          'WBdiscretechoice.txt', 
                          n.thin = thin, 
                          n.chains = chains,  
                          n.burnin = burnin, 
                          n.iter = ((samples * thin + 1)/chains) + burnin, 
                          bugs.directory = bugsdir, 
                          debug = debug, 
                          bugs.seed = as.integer(runif(chains,0,100)) 
                          ) 
 
           end.time = Sys.time() 
 
           result = print(out.new, digits=3) 
 
           result$summary = cbind( 
                                  result$summary, 
                                  n.obs = count.n( 
                                                  group.vars = NULL, 
                                                  avail = a, 








                                                  fixed = TRUE 
                                                  ) 
                                  )        
 
           result$design = list(n.observations = n.obs, n.alternatives = n.alt, 
                           n.fixed = 1, n.random = 0, n.presentations = n.pres,  
                           fixed = X,  
                           presentation = pres.obs, 
                           random = W,  
                           available = a, choice = Y  
                           ) 
 
           if(!is.null(comparison)){ #changed from - if(comparison != NULL){ 
             result$pairwise = compareItems(result$sims.list$beta, comparison) 
             rownames(result$pairwise) = colnames(result$pairwise) = altnames      
           } 
 
           attributes(result) = append( 
                                       attributes(result), 
                                       list( 
                                            varnames = list( 
                                                        alternatives = altnames 
                                                            ), 
                                            pairwise_type = comparison 
                                            ) 
                                       ) 
 
           if(!is.null(savefile)) capture.output(result, file = savefile) 
           setwd(oldwd) 
 
           if(post){  
             message('Running posterior predictive check.') 
             flush.console() 
             result$postcheck = fdc.postcheck(result, nboot, ncheck) 
           } 
 
 
          elapsed.time = round(difftime(end.time, start.time, units='mins'), 2) 
           print( 
                 paste( 
                       'Posterior computed in ',  
                       elapsed.time,  
                       ' minutes.',  
                       sep='' 
                       ),  
                 quote=F 
                 ) 
            
           result 
      } 
  
# Function to do pairwise comparison of options. The $sims.list$eta.mu 








# argument.  Specifying output == 'difference' will give the probability 
# that eta[i] - eta[j] > 0, for the items in row i and column j.  For 
# output == 'probability', the choice probability given one item of each 
# type will be returned instead. 
 
compareItems = function(prefs, output = 'difference'){ 
 
                 stopifnot(output %in% c('difference','probability')) 
 
                 library(abind) 
                 zeros = array(0, dim(prefs)[-2])                                
                 prefs = abind(prefs, zeros, along = 2) 
                 prefs = aperm(prefs, c(2, 1, 3))                           
                 nOpt = dim(prefs)[1] 
                 nDraw = dim(prefs)[2] 
                 prefs = prefs[c(nOpt, 1:(nOpt-1)),,, drop = FALSE] 
 
                 result = matrix(NA, nOpt, nOpt) 
 
                 if(output == 'difference'){ 
 
                   diag(result) = 0 
 
                   for(i in 1:(nOpt-1)){ 
                     for(j in (i+1):nOpt){ 
                       result[i,j] = sum(prefs[i,,] - prefs[j,,] > 0)/nDraw 
                     } 
                   } 
 
                 } else { 
 
                   diag(result) = 0.5 
 
                   for(i in 1:(nOpt-1)){ 
                     for(j in (i+1):nOpt){ 
                       result[i,j] = mean(exp(prefs[i,,])/(exp(prefs[i,,])  
                                     + exp(prefs[j,,]))) 
                     } 
                   } 
                    
                 } 
                        
                 result 
               } 
 
################################################################# 
#Seed preference analysis 
 
# Read and format datafile 
  seeddata = read.csv('datafile.csv') 
  seeddata$DayTime = as.POSIXct( 
                                 paste( 








                                       as.character(seeddata$Time), 
                                       sep=" " 
                                       ), 
                                 format = "%m/%d/%Y %I:%M:%S %p" 
                          ) 
 
  attach(seeddata) 
    seeddata = seeddata[order(Presentation),] 
    seeddata$SeedSpecies=factor(as.character(seeddata$SeedSpecies)) 
    seeddata$AnimalSpecies=factor(as.character(seeddata$AnimalSpecies)) 
    seeddata$Year=factor(as.character(seeddata$Year)) 
   
  print(levels(SeedSpecies)) 
 
  # make new data frame formatted for rdc() 
  seedselect = data.frame(  
                           site = factor(substr(Presentation, 1, 2)),   
                           pres = Presentation, 
                           year = Year, 
                           sp = AnimalSpecies, 
                           pick = levels(SeedSpecies)[as.numeric(SeedSpecies)], 
                           avail.IGN = IGN, 
                           avail.AMC = AMC, 
                           avail.BC3 = BC3, 
                           avail.BLO = BLO, 
                           avail.BLW = BLW, 
                           avail.CHO = CHO, 
                           avail.NRO = NRO, 
                           avail.PIH = PIH, 
                           avail.SHH = SHH, 
                           avail.WHO = WHO 
                           ) 
  detach(seeddata) 
 
  wfmo.data = seedselect[seedselect$sp == 'WFMO',] 
  each.data = seedselect[seedselect$sp == 'EACH',] 
  flsq.data = seedselect[seedselect$sp == 'FLSQ',] 
  fosq.data = seedselect[seedselect$sp == 'FOSQ',] 
  grsq.data = seedselect[seedselect$sp == 'GRSQ',] 
  wrat.data = seedselect[seedselect$sp == 'WRAT',] 
 
####################################################### 
## Selection by white-footed mice 
 
  wfmo.data$site = factor(as.character(wfmo.data$site)) 
  wfmo.data$pres = factor(as.character(wfmo.data$pres)) 
  wfmo.data$pick = factor(as.character(wfmo.data$pick),  
                   levels=levels(seeddata$SeedSpecies)) 
  wfmo.data$sp = factor(as.character(wfmo.data$sp)) 
  wfmo.data$year = factor(as.character(wfmo.data$year)) 
 









   wfmo.rsel = rdc(pick~1|pres|site, wfmo.data, samples=5000, burnin=10000,  
                   post=TRUE, nboot=500, comparison='probability')  
   eta.rdc(wfmo.rsel) 
   sigma.rdc(wfmo.rsel) 
 
  detach(wfmo.data) 
   





## Selection by eastern chipmunks 
 
  gc() 
  each.data$site = factor(as.character(each.data$site)) 
  each.data$pres = factor(as.character(each.data$pres)) 
  each.data$pick = factor(as.character(each.data$pick)) 
  each.data$sp = factor(as.character(each.data$sp)) 
  each.data$year = factor(as.character(each.data$year)) 
 
  attach(each.data) 
 
   each.rsel = rdc(pick~1|pres|site, each.data, samples=5000, burnin=10000,  
                   post=TRUE, nboot=500, comparison='probability') 
   eta.rdc(each.rsel) 
   sigma.rdc(each.rsel) 
 
  detach(each.data) 
 





## Selection by southern flying squirrels 
 
  gc() 
  flsq.data$site = factor(as.character(flsq.data$site)) 
  flsq.data$pres = factor(as.character(flsq.data$pres)) 
  flsq.data$pick = factor(as.character(flsq.data$pick),  
                   levels=levels(seeddata$SeedSpecies)) 
  flsq.data$sp = factor(as.character(flsq.data$sp)) 
  flsq.data$year = factor(as.character(flsq.data$year)) 
 
  attach(flsq.data) 
 
   flsq.rsel = rdc(pick~1|pres|site, flsq.data, samples=5000, burnin=10000,  
                   post=TRUE, nboot=500, comparison='probability') 
   eta.rdc(flsq.rsel) 
   sigma.rdc(flsq.rsel) 
 














# Selection by fox squirrels 
 
  gc() 
  fosq.data$site = factor(as.character(fosq.data$site)) 
  fosq.data$pres = factor(as.character(fosq.data$pres)) 
  fosq.data$pick = factor(as.character(fosq.data$pick)) 
  fosq.data$sp = factor(as.character(fosq.data$sp)) 
 
  attach(fosq.data) 
 
   fosq.rsel = rdc(pick~1|pres|site, fosq.data, samples=5000, burnin=10000,  
                   post=TRUE, nboot=500, comparison='probability') 
   eta.rdc(fosq.rsel) 
   sigma.rdc(fosq.rsel) 
 
  detach(fosq.data) 
   





# Selection by eastern gray squirrels 
 
  gc() 
  grsq.data$site = factor(as.character(grsq.data$site)) 
  grsq.data$pres = factor(as.character(grsq.data$pres)) 
  grsq.data$pick = factor(as.character(grsq.data$pick)) 
  grsq.data$sp = factor(as.character(grsq.data$sp)) 
 
  attach(grsq.data) 
 
    grsq.fsel = fdc(pick~1, grsq.data, samples=5000, burnin=10000) 
 
  detach(grsq.data) 
   





# Selection by Allegheny woodrats 
 
  gc() 
  wrat.data$site = factor(as.character(wrat.data$site)) 
  wrat.data$pres = factor(as.character(wrat.data$pres)) 








  wrat.data$sp = factor(as.character(wrat.data$sp)) 
 
  attach(wrat.data) 
 
   wrat.rsel = rdc(pick~1|pres|site, wrat.data, samples=5000, burnin=10000,  
                   post=TRUE, nboot=500, comparison='difference') 
   eta.rdc(wrat.rsel) 
   sigma.rdc(wrat.rsel) 
 
  detach(wrat.data) 
 




save.image("rodent seed selection.RData") 
